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Résumé 

La catalyse joue un rôle essentiel dans de nombreuses applications industrielles telles que 

les industries pétrochimique et biochimique, ainsi que dans la production de polymères et 

pour la protection de l'environnement. La conception et la fabrication de catalyseurs 

efficaces et rentables est une étape importante pour résoudre un certain nombre de 

problèmes des nouvelles technologies de conversion chimique et de stockage de l'énergie. 

L'objectif de cette thèse est le développement de voies de synthèse efficaces et simples pour 

fabriquer des catalyseurs performants à base de métaux non nobles et d'examiner les 

aspects fondamentaux concernant la relation entre structure/composition et performance 

catalytique, notamment dans des processus liés à la production et au stockage de 

l'hydrogène. 

Dans un premier temps, une série d'oxydes métalliques mixtes (Cu/CeO2, CuFe/CeO2, 

CuCo/CeO2, CuFe2O4, NiFe2O4) nanostructurés et poreux ont été synthétisés grâce à une 

méthode améliorée de nanocasting. Les matériaux Cu/CeO2 obtenus, dont la composition et 

la structure poreuse peuvent être contrôlées, ont ensuite été testés pour l’oxydation 

préférentielle du CO dans un flux d'hydrogène dans le but d’obtenir un combustible 

hydrogène de haute pureté. Les catalyseurs synthétisés présentent une activité et une 

sélectivité élevées lors de l'oxydation sélective du CO en CO2. 

Concernant la question du stockage d'hydrogène, une voie de synthèse a été trouvée 

pour le composét mixte CuO-NiO, démontrant une excellente performance catalytique 

comparable aux catalyseurs à base de métaux nobles pour la production d'hydrogène à 

partir de l'ammoniaborane (aussi appelé borazane). L'activité catalytique du catalyseur 

étudié dans cette réaction est fortement influencée par la nature des précurseurs 

métalliques, la composition et la température de traitement thermique utilisées pour la 

préparation du catalyseur.  

Enfin, des catalyseurs de Cu-Ni supportés sur silice colloïdale ou sur des particules de 

carbone, ayant une composition et une taille variable, ont été synthétisés par un simple 

procédé d'imprégnation. Les catalyseurs supportés sur carbone sont stables et très actifs à la 

fois dans l'hydrolyse du borazane et la décomposition de l'hydrazine aqueuse pour la 
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production d'hydrogène. Il a été démontré qu'un catalyseur optimal peut être obtenu par le 

contrôle de l'effet  bi-métallique, l'interaction métal-support, et la taille des particules de 

métal. 
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Abstract 

Catalysis plays an essential role in many industrial applications such as petrochemical and 

biochemical industries, as well as in the production of polymers and in environmental 

protection. Design and fabrication of efficient catalysts in a cost-effective way is an 

important milestone to address a number of unresolved issues in the new generation of 

chemical and energy conversion technologies. The objective of the studies in this thesis is 

the development of facile synthetic routes to prepare efficient catalysts based on non-noble 

metals, and elucidate fundamental aspects regarding the relationship between 

structure/composition and catalytic performance, in particular in the case of processes 

related to production and storage of hydrogen fuel. 

At first, a series of nanostructured porous mixed metal oxides (Cu/CeO2, CuFe/CeO2, 

CuCo/CeO2, CuFe2O4, NiFe2O4) have been synthesized via an improved nanocasting 

method. The porous structure of the nanocast products was tailored by tuning the 

mesostructure of the mesoporous silica phases used as templates. The obtained Cu/CeO2 

materials with controlled composition and porous structure were then tested in preferential 

oxidation of CO in a hydrogen stream to achieve high purity hydrogen fuel. The 

synthesized catalysts exhibit high activity and selectivity in selective oxidation of CO to 

CO2. 

Regarding hydrogen storage, we reported a cost-effective synthetic way towards bi-

component CuO-NiO catalyst showing excellent catalytic performance, which is 

comparable to noble metal catalysts, in the hydrogen generation from ammonia-borane. 

Moreover, we demonstrate that the interaction between Cu and Ni species is essential in 

accelerating hydrogen evolution of ammonia borane. The catalytic activity of the obtained 

catalyst investigated in this reaction is strongly influenced by the nature of the metal 

precursors, the composition and the thermal treatment temperature employed for the 

catalyst preparation. 

Finally, silica- and carbon-supported Cu-Ni nanocatalysts, with tunable composition 

and metal particle size, were synthesized by simple incipient wetness method. The carbon 

supported catalysts are stable, highly active and selective in both ammonia-borane 
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hydrolysis and the decomposition of hydrous hydrazine for hydrogen evolution. We 

showed that optimal catalysts can be achieved through manipulation of bimetallic effect, 

metal-support interaction, and adequate metal particle size. 
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Chapter 1:           

Introduction 

In this chapter, the issues related to clean hydrogen fuel are briefly highlighted. The scope 

and organization of the thesis are also detailed. 
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1.1 The hydrogen economy: Issues and perspectives 

The problems of energy crisis and global warming have led to an intensive search for new 

fuels, particularly for transportation applications. Hydrogen is considered to be the best 

alternative to hydrocarbon fuels due to its high energy content and environmentally benign 

nature. Hydrogen is a sustainable energy carrier, emitting only water during combustion or 

oxidation process, which can be used for transportation and stationary power generation. It 

can be derived from diverse sources such as biomass, water as well as fossil fuels via 

different technologies.1-4 There are essentially two ways to run a road vehicle on hydrogen. 

In the first one, hydrogen in an internal combustion engine is burnt rapidly with oxygen 

from air. In the second way, hydrogen is combined with oxygen in a simple electrochemical 

device that directly converts chemical energy into electrical energy. The efficiency of the 

direct process of electron transfer from oxygen to hydrogen is not limited by the 

thermodynamic aspects of traditional combustion energy; it can reach 50–60%, twice as 

much as the thermal process. In this regard, hydrogen fueled proton-exchange membrane 

(PEM) fuel cells to power the automobile promise an alternative to the internal combustion 

engine and its use of liquid petroleum fuel. 1,2,5 

However, the implementation of a hydrogen economy is suffering from several 

unresolved problems. The first critical question involves hydrogen sources. The ultimate 

hydrogen economy predicts that it will be generated from water via electrolysis with the 

power provided by the sun or wind. However, these technologies are still being developed 

and more technical progress as well as cost reduction needs to occur for them to be 

competitive with current hydrogen production processes from fossil fuels. The majority of 

the world’s hydrogen supply is currently obtained by reforming hydrocarbons, followed by 

the water-gas shift reaction. This ‘reformate’ hydrogen contains significant quantities of 

CO (0.5-2%). It is essential to further remove CO to a parts-per-million level from the 

hydrogen stream to make fuel cell quality hydrogen. During the past decades, great efforts 

have been devoted towards the development of advanced catalytic processes for selective 

removal of CO from H2-rich reformate while minimizing the loss of H2. .1,2,5,6 

Furthermore, when clean hydrogen can be produced either from renewable sources or 

fossil fuels, hydrogen storage remains a major problem for a complete transition towards 
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the hydrogen economy. It is necessary to store hydrogen safely, and at high 

gravimetric/volumetric capacities. On a weight basis, the chemical energy per unit mass of 

hydrogen is nearly three times larger than that of gasoline (142 MJ/kg for H2 versus 47 

MJ/kg for gasoline). However, on a volume basis hydrogen has only about a quarter of the 

energy content of gasoline (8 MJ/L for liquid H2 versus 32 MJ/L for gasoline).7,8 Several 

solutions have been explored and found promising, including physical storage (high 

pressure, low temperature, and adsorption) and chemical storage (hydrides, amine–borane 

adducts, and amides/imides).7-9 However, none of these solutions is mature enough to be 

implemented, and drastic improvement is still needed. Safe and efficient hydrogen storage 

methods which allow a convenient release of hydrogen under mild conditions are desired 

urgently. In this context, catalyst-assisted hydrogen generation from hydrogen storage 

materials (e.g., ammonia-borane, hydrous hydrazine, formic acid and so forth) has been one 

of the most studied and desired approaches towards a hydrogen-powered society.9-12 

1.2 Nanostructured catalysts as a viable solution 

The establishment of a sustainable hydrogen-based energy future calls for new catalytic 

processes, with more active and more selective catalysts, and preferably made from earth-

abundant elements. The catalytic properties of a material are determined by several 

complex factors including composition, physical structure, the interface between active 

catalyst phase and an oxide support, etc.13-19  Advances in nanoscience are bringing new 

opportunities for developing catalytic systems with high activities for energetically 

challenging reactions, high selectivity to valuable products, and extended life times. The 

exceptional catalytic performance of nanocatalysts has been demonstrated in numerous 

catalytic reactions owing to the fact that nanostructured materials may possess many novel 

chemical and physical properties.20-27 In particular, searching for novel nanocatalysts useful 

for the production of clean hydrogen fuel and efficient hydrogen evolution reactions has 

attracted substantial research efforts. However, finding cost effective and high performance 

catalysts remains a major challenge.4,9,20,28,29 
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1.3 Scope of the thesis 

Preferential oxidation (PROX) of CO in excess hydrogen currently attracts significant 

attention for removing CO from hydrogen, in particular for PEM fuel cell applications.6,30,31 

It is essential, because CO is highly poisonous to the electro-catalysts generally used in fuel 

cells. The objective of the PROX reaction is to achieve high CO conversion to CO2 without 

excessive hydrogen oxidation (to water), i.e., to decrease the CO concentration to less than 

100 ppm. An efficient catalyst must be not only highly selective but also highly active at 

the operating temperature of the fuel cell (which is around 80oC). On the other hand, among 

the potential candidates for efficient chemical hydrogen storage, ammonia borane (AB; 

NH3BH3) and hydrous hydrazine (N2H4.H2O), both compounds with high hydrogen 

contents, were shown to be promising hydrogen carriers for storage and transportation. 

Catalyst-assisted hydrogen generation from hydrogen storage compounds via hydrolysis of 

AB or selective decomposition of hydrous hydrazine are interesting pathways to release 

H2.9-12 Noble metal-based catalysts are known to be effective in all these reactions.32-40 

However, precious metals lack the selectivity that is required for the PROX process and the 

high cost hampers their wider application. Therefore, considerable efforts are devoted to 

explore the synthesis of efficient catalysts based on non-noble metals for the development 

of clean hydrogen fuel and new energy storage materials.41-54 Besides the practical 

potential, these reactions are also excellent probe reactions to study the properties of novel 

catalysts. 

The focus of the work presented in this thesis is the development of cost effective and 

high performance catalysts for 1) the preferential oxidation of CO in excess H2 and 2) 

hydrogen generation from AB and hydrous hydrazine. Our strategy consists in developing 

efficient synthesis pathways to produce novel nanostructured materials showing 

exceedingly high specific surface area and precisely tailored compositions and structures. 

In addition, the purpose of this work is also to gain better understanding of the relationship 

existing between catalytic properties and physicochemical characteristics of the synthesized 

nanostructured materials and to achieve deeper insights into possible synergy effects within 

such nanoscale catalysts. 
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1.4 Thesis organization 

The thesis is organized as a story that consists of introduction, background, experimental 

methods, results and discussion.  

The current chapter, Chapter 1 explains briefly the motivation and the scope of the 

research work in this thesis.  

Chapter 2 introduces the fundamentals of heterogeneous catalysis, and then 

summarizes key factors determining the catalytic properties of a material. This chapter also 

describes the concepts and principles behind the synthetic methods used in this thesis for 

the preparation of various supported mesoporous metal oxide catalysts. 

Chapter 3 presents the experimental techniques applied in the thesis for the 

characterization of the synthesized materials, as well as the techniques used to determine 

the catalytic performance.  

In Chapter 4, a facile approach based on the so-called “nanocasting” method is 

described in detail for the synthesis of a series of mixed mesoporous metal oxide materials 

(Cu/CeO2, CuFe2O4, NiFe2O4,) exhibiting high surface area and various pore structures.  

In Chapter 5, the synthetic approach developed in Chapter 4 was employed to prepare 

different metal oxide hybrid compositions (Cu/CeO2, CuFe/CeO2, CuCo/CeO2). The 

influence of the composition and texture of the synthesized catalysts are then studied in the 

PROX reaction.  

In Chapter 6, exceedingly high catalytic performance of the bi-component CuO–NiO 

catalysts is demonstrated for the H2 evolution from AB in aqueous solution. Parameters 

such as metal precursors, composition, and heat treatment conditions, have a profound 

influence on the synergetic interaction existing between Cu and Ni, which plays a critical 

role in accelerating hydrogen evolution from AB.  

Chapter 7 proposes a simple method for the synthesis of highly dispersed CuNi 

supported on mesoporous carbon and silica nanospheres effective for hydrogen generation 

from both AB and hydrous hydrazine. Chemical composition and size of the metal 

particles, which show significant effects on catalytic properties of bimetallic CuNi 



7 
 

supported catalysts, can be readily controlled by varying the metal loading and feed ratio of 

metal precursors.  

The thesis ends with Chapter 8 where conclusions and recommendations for future 

work are presented. 
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Chapter 2:                                                 

Nanostructured catalysts 

This chapter introduces the basic concepts of heterogeneous catalysis as well as the main 

factors influencing the catalytic properties of the catalysts. The synthetic strategies to 

prepare the nanostructured porous catalysts are also discussed. 
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2.1 Fundamentals of heterogeneous catalysis 

Catalysis is a phenomenon by which chemical reactions are accelerated by small quantities 

of foreign substances, called catalysts. A catalyst can accelerate the rate of a 

thermodynamically feasible reaction but cannot affect the position of the thermodynamic 

equilibrium. Heterogeneous catalysis involves systems in which catalyst and reactants are 

in different physical phases. Typical heterogeneous catalysts are inorganic solids such as 

metals, oxides, sulfides, acids, carbides, salts.55,56  

Heterogeneous catalysis is a tremendously challenging and highly multi-disciplinary 

area requiring knowledge from chemistry (physical, organic and inorganic), physics (solid 

state, condensed matter), and engineering (materials processing, reactor design, modeling). 

It deals not only with fundamental principles or mechanisms of catalytic reactions but also 

with preparation, properties, and applications of the catalysts. Heterogeneous catalysts are 

the workhorses of the chemical, pharmaceutical and petrochemical industries as well as oil 

refining and environmental protection. It has been estimated that about 90% of all chemical 

processes use heterogeneous catalysts.57,58  

During a heterogeneously catalyzed reaction, the reactants and products undergo a 

series of steps over the solid catalyst, including the diffusion of the reactants to the catalyst 

surface, adsorption of the reactants on the active sites, surface reaction of the adsorbed 

intermediates, and then the desorption and diffusion of the products away from the catalyst. 

In heterogeneous catalysis, chemisorption of the reactants and products on the catalyst 

surface is of central importance. To see how the catalyst accelerates the reaction, we need 

to look at the potential energy diagram of a reaction influenced by the presence of the 

catalyst (Figure 2.1). For the uncatalyzed reaction, the reaction proceeds when reactants 

collide with sufficient energy to overcome an appreciable activation barrier. For the 

catalyzed reaction, the reactants undergo chemisorption on the catalyst surface to form 

active phases by which the reaction can readily occur. The interaction between catalyst and 

reacting species should neither be too weak nor too strong. If the adsorption is too weak the 

catalyst has little effect, and will, for example, be unable to dissociate a bond. If the 

interaction is too strong, the adsorbates will be unable to desorb from the surface. Both 

extremes result in small rates of reaction. In other words, the most active catalyst is often 
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neither a very reactive nor a very noble surface, but rather a compromise between these 

extremes. This is the concept of Sabatier’s principle in heterogeneous catalysis.55,57 

 

Figure 2.1. Course of a heterogeneously catalyzed gas-phase reaction AG  PG.57  

Ea,0 = activation energy of the homogeneous uncatalyzed gas-phase reaction 

Ea,1 = true activation energy 

Ea,2 = apparent activation energy of the catalyzed reaction 

Z1 = transition state of the gas-phase reaction 

Z2 = transition state of the surface reaction 

∆HR = reaction enthalpy 

 

These different steps are associated with an activation energy which is significantly 

lower than that of the uncatalyzed reaction. The activation for an overall reaction is defined 

as apparent activation energy. In principle, the activation energy Ea can be derived from the 

Arrhenius plot of the rate constant against the reciprocal temperature according to the 

equation (2.1): 

ln k(T) = ln ν - Ea/RT  (2.1) 

where ν is the pre-exponential factor (sometimes called prefactor), k is rate constant,  R is 

gas constant.   
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The performance of a catalyst can be measured in terms of three main properties: 

activity, selectivity, and stability. Activity is a measure of how fast a reaction proceeds in 

the presence of the catalyst. Activity can be defined in terms of kinetics or from a more 

practically-oriented viewpoint. For comparative measurements, such as catalyst screening 

and optimization of catalyst production conditions, conversion under constant reaction 

conditions or temperature required for a given conversion can be used to determine the 

activity. The turnover frequency, TOF, which is defined as the number of molecules 

converted per active site and per unit of time for a reaction at given reaction conditions and 

extent of reaction, is commonly used as a measure of catalyst activity. This definition 

permits an easy comparison between the works of different researchers. When more than 

one reaction is taking place, catalyst selectivity is defined as the fraction of the starting 

material that is converted to the desired product. In comparative selectivity studies, the 

reaction conditions of temperature and conversion must be kept constant. 

Finally, the chemical, thermal, and mechanical stability of a catalyst determines its 

lifetime in industrial reactors. A good catalyst should exhibit high selectivity towards the 

desired product (the most important property), high activity and sufficiently long life time. 

2.2 Factors determining the properties of the catalysts  

Metals and metal oxides constitute a wide class of heterogeneous catalysts and are the 

center of interest of our research in this thesis. Thus, in the present section we will discuss 

the factors that generally influence the catalytic properties of a catalyst, with emphasis on 

transition metal materials. A solid catalyst surface is complicated with the occurrence of 

various defects (e.g., vacancies and adatoms), and the specific position of an atom on the 

surface can be referred to by one of several names, as illustrated in Figure 2.2. For 

nanoparticles, the surface atoms or surface sites are often defined in terms of their 

coordination numbers and they also can be named according to their position on the particle 

surface (T: terrace, C: corner, E: edge). Each kind of surface atom could have different 

reactivity due to their different electronic structure.15,55,57,59-61 
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Figure 2.2. Schematic representation of a single crystal surface (left) and of a nanocrystal (right) 

Therefore, the catalytic performance can be changed substantially by tuning the 

surface composition and surface structure which can be tailored through particle size and 

shape, alloying, metal-support interactions as well as support texture.  

2.2.1 Facet effect 

Metal/metal oxide particles exhibit different crystallographic facets (e.g. fcc (111) and fcc 

(100) (Figure 2.3), i.e. different atomic structures.  

 

Figure 2.3. The fcc lattice with different plane surface structures. 

There are two ways in which the geometric structure can affect the stability of reaction 

intermediates and the activation energy of a chemical reaction: electronic and geometrical 

effects.15,62-68 The electronic effect is caused by surface metal atoms in different 
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environments having slightly different local electronic structures and hence, they interact 

differently with molecules both when adsorbing and reacting. Change in the atomic 

structure causes the modification of the electronic structure. For example, atoms in the most 

close-packed (111) surface of face-centered cubic lattice (fcc: Ni, Cu, Rh, Pd, Ag, Ir, Pt, 

Au) have a coordination number of 9.  This number is 8 for the more open (100) surface 

and for a step or for the (110) surface it is 7. As a general rule of thumb, the more open the 

surface (i.e., lower coordination number), the more reactive it is. The fact that, for instance, 

steps bind CO stronger than the flat surfaces is in excellent agreement with 

experiments.55,60  

 

  

Figure 2.4. Adsorption sites on various surfaces.55 

The purely geometric effect arises from different surface geometries which provide 

different configurations to a molecule for bonding. The number and type of adsorption sites 

on a surface depend on its geometry. The most common adsorption sites are presented in 

Figure 2.4. The geometric effects could become prominent over electronic effects in some 

processes that need more than one surface atom to proceed or when a specific arrangement 

between surface atoms with proper interatomic distances will be required to generate the 

active site. Geometric structure affects the reactivity based on the atomic arrangement and 

may include compressed or expanded arrangements of atoms (compressive or tensile 
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strain). Strain effect can be induced by the incorporation of the foreign (hetero) atoms with 

different lattice constant, the tuning of the particle size or interactions with the 

support.59,60,69-71 

The chemistry of oxide surfaces is even more complicated because they are made up 

of positive metal cations and negative oxygen anions. Figure 2.5 shows the different 

terminations of NiO in the cubic rock-salt structure. The low-energy (100) and (110) facets 

present a non-polar surface containing equal numbers of metal cations and oxygen anions. 

There are two different unstable polar (111) surfaces, namely those terminated by nickel or 

by oxygen. For metal oxides, three key concepts applicable to the surface chemistry are the 

coordination environment, oxidation state, and redox properties.55,72-74 

  

Figure 2.5. Hypothetical particle of cubic NiO, exhibiting three crystallographic surfaces. The 
(100) and (110) surfaces are nonpolar, implying that Ni and O ions are present in equal numbers, 
but the polar (111) surface can be terminated either by Ni cations or O anions. In practice, NiO 
crystals predominantly show (100) terminated surfaces.55 

Advances in nanoscience enable the synthesis of well-defined nanocrystals with 

tunable exposed facets, which further boosted research on the catalytic properties of well-

defined surfaces.20,27,64,75-80 An example is shown in Figure 2.6, where the selectivity of 

pyrrole hydrogenation over Pt nanoparticles exhibits the so-called shape dependence. The 

dominant product over Pt nanocubes was n-butylamine. Over Pt nanopolyhedra of similar 
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size, a mixture of pyrrolidine and n-butylamine formed. To further understand this shape 

sensitivity, sum-frequency generation (SFG) surface vibrational spectra of pyrrole adsorbed 

onto Pt single crystals were compared. The study showed that n-butylamine formation is 

enhanced on the Pt(100) surface, the dominant surface of the nanocubes, relative to the Pt 

(111) surface. The results demonstrate that the underlying mechanism responsible for the 

shape selectivity dependence is here the difference in the nature of exposed facets of Pt 

particles.20,81 

 

 

Figure 2.6. The nanoparticle shape dependence of the selectivity of pyrrole hydrogenation.20  

In summary, the catalytic performance of a given catalyst can be tuned by changing 

the exposed facets. Clearly, for each application, optimization of the catalyst preparation is 

needed in order to obtain the desired surface structure. 

2.2.2 Size effect 

Because catalysis occurs on the surface, the initial incentive to obtain the active phase in 

the form of small particles was to maximize the surface area exposed to the reactants. 

However, particles in the nanosize range inherently expose edges, kinks, corners, steps and 

other sites involving coordinatively unsaturated atoms, whose reactivity may differ 
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significantly from that of the corresponding bulk metal surfaces.14,56,59,82-87 Reactions can be 

classified into four categories depending on how the rate of the reaction, expressed in TOF, 

varies as a function of the particle size (Figure 2.7). The TOF of reactions described as 

structure-insensitive does not depend on particle size (curve 1). On the other hand, the 

reaction is said to be structure-sensitive if the TOF varies with particle size, and this may 

happen in several cases: it may decrease when the particle size decreases (curve 2), i.e. 

larger particles are more active than small ones (curve 3); it may increase for decreasing 

particle size, i.e. smaller particles are more active than larger ones; or it may go through a 

maximum (curve 4).56,82,85  

 

Figure 2.7. The different types of reaction rate-particle size relationship. 

Understanding the particle size-catalytic properties relationship of metallic 

nanoparticles is not a simple task and is of intense research interest. The best example for 

demonstrating the exceptional catalytic activity of nanomaterials is a catalyst consisting of 

gold nanoparticles ranging in diameter from 1 to 6 nm dispersed on a titania support 

(Figure 2.8). This catalyst exhibits high activities for CO oxidation at room temperature. It 

has been suggested that quantum confinement effects alter the electronic structure of this 

noble metal and lead to the unusual catalytic activities observed.23 Another interesting 

example is the variation in activity and selectivity of Co-based catalysts as a function of Co 

particle size in the Fischer-Tropsch reaction – the industrial process that converts CO and 

H2 (syngas) into hydrocarbons. It was observed that the TOF decreased from 23x10-3 to 
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1.4x10-3 s-1, while the C5+ selectivity decreased from 85 to 51 wt% when the cobalt particle 

size was reduced from 16 to 2.6 nm.88 

 

Figure 2.8. CO oxidation turnover frequencies (TOFs) at 300 K as a function of the average size of 
the Au clusters supported on a high surface area TiO2 support.23 

 In short, decreasing particle size may have positive, negative or no influence on the 

activity and selectivity of a given catalytic system. The possible explanations of particle 

size effects originates from electronic or/and geometric factors. Thus, it is of practical 

interest to optimize the particle size of given metal particles for a specific reaction system. 

2.2.3 Bimetallic systems 

Bimetallic catalysts, which often exhibit electronic and chemical properties that are distinct 

from those of their corresponding individual metal constituents, offer the opportunity to 

obtain new catalysts with enhanced selectivity, activity, and stability.22,24,89,90 Several 

reasons have been put forward to explain the promotion of the catalytic properties of 

bimetallic catalysts: (i) Ligand effects are caused by the interactions of a specific kind of 

metal atom with the surroundings (or ligands) of the relevant metal atoms that induces 

electronic charge transfer between the atoms, and thus affects their electronic structure. (ii) 

Ensemble effects whereby the addition of a metal alters the ensemble size of the active 

sites. (iii) Stabilizing effects whereby the addition of a metal improves the stability of the 

catalytically active metal (e.g., by inhibiting sintering or suppressing poisoning 

phenomena). (iv) Bifunctional effects where each metal component could promote different 

elementary reaction steps. These effects often co-exist and impact simultaneously the 

observed catalytic behavior.22,91-97 
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There are many examples for bimetallic catalysts that are applied in industrial 

processes.57,58 Recently, this field has been revolutionized by the emergence of rational 

catalyst design at the nanoscale. With advances in density functional theory and 

nanoscience, it is now possible to design and synthesize nanocatalysts as well as describe 

catalytic reactions at the atomic scale. Many bimetallic catalysts have been investigated in 

search of innovative nanocatalysts for important catalytic reactions, such as CO2 reduction, 

biomass upgrade to chemicals and fuels, catalytic hydrogen generation from chemical 

storage materials.22,32,39,49,91,93-99 An excellent example is the stable, highly active and 

selective Raney-NiSn catalyst for H2 production by aqueous phase reforming of biomass-

derived hydrocarbons.22 The performance of this non-precious catalyst compares favorably 

with that of platinum-based catalysts. The addition of tin to nickel decreases the rate of 

methane formation resulting from C-O bond cleavage while maintaining the high rates of 

C-C bond cleavage required for hydrogen formation. The beneficial effect of Sn on the 

selectivity for the production of H2 may be due to the presence of Sn at Ni-defect sites and 

by the formation of Ni-Sn alloy surfaces, such as a Ni3Sn alloy. Another interesting 

example is using Au-Cu bimetallic nanoparticles for electrochemical reduction of CO2.96 It 

has been suggested that two important factors related to intermediate binding, the electronic 

effect and the geometric effect, dictate the activity of gold–copper bimetallic nanoparticles. 

Au3Cu, which has the highest mass activity for CO, outperforms conventional Au 

nanoparticle catalysts by more than an order of magnitude. Another recent example is the 

great activity enhancement observed for AuNi alloy nanoparticles supported on 

mesoporous MIL-101 in the catalytic hydrolysis of AB.36 It is revealed that the 

AuNi@MIL-101 catalysts are more active for the hydrolysis of AB than the monometallic 

counterparts, thus demonstrating a synergistic effect between Au and Ni, as shown in 

Figure 2.9. The Au/Ni atomic ratio of 7:93 is the most active, in which the AB hydrolysis 

reaction is completed in 2.67 min with a 70 ml H2 release, corresponding to H2/AB = 3 

((Au + Ni)/AB = 0.017 in molar ratio), giving a turnover frequency (TOF) value of 66.2 

molH2molcat
-1min−1. 
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Figure 2.9. Plots of time vs volume of hydrogen generated from AB (1mmol in 5 mL water) 
hydrolysis at room temperature catalyzed by the Au@MIL-101, Ni@MIL-101, and AuNi@MIL-
101_a catalysts (50mg, (Au+Ni)/AB (molar ratio) = 0.017).36 

The use of bimetallic catalysts will be crucial for developing many important 

applications in catalysis and energy conversion. A good knowledge of theory may help with 

understanding and predicting new properties associated with bimetallic catalysts, but in the 

end, experimental studies under realistic conditions will be always central to create and 

implement technical catalysts. 

2.2.4 Metal-support interaction 

Most catalysts consist of nanometer-sized particles dispersed on a high-surface-area 

micro/mesoporous oxide or carbon support. These support materials stabilize metal 

catalysts against sintering under harsh reaction conditions such as strong reduction media 

and high temperature.100-102 In addition, the support can strongly affect the intrinsic activity 

and selectivity of a catalyst. This can originate from the presence of special sites at the 

perimeter of the metal particles, where the electronic properties of both metal and support 

atoms influence the adsorbed species. In other cases, the surface properties of metal 

particles modified by strong interaction with the support directly affect the strength of the 

metal-adsorbate bonding.16,103-112  

The choice of the appropriate catalyst support for a particular active component and 

reaction system is important. For instance, silver nanoparticles have much higher stability 

on reduced CeO2(111) than on MgO(100). This effect is the consequence of the very large 

adhesion energy (~2.3 joules per square meter) of Ag nanoparticles to reduced CeO2(111), 
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which was found to be a result of strong bonding to both defects and CeO2 (111) terraces, 

localized by lattice strain.102 In another example, it has been proven that the temperature 

and efficiency for NO reduction with hydrocarbons over a gold supported catalyst depend 

on the nature of the metal oxide support and vary as ZnO (523 K, 49%), α-Fe2O3 (523 K, 

12%), MgO (623 K, 42%), TiO2 (623 K, 30%), Al2O3 (673-723 K, 80%).113 A further 

illustration for electronic metal-support interaction is a significant enhancement in the 

catalytic activity, by the factor of 20-fold, for the water-gas shift reaction (H2O + CO → H2 

+ CO2) over the peculiar platinum-ceria interactions compared with platinum catalysts. The 

results of valence photoemission measurements and DFT calculations revealed that the Pt- 

ceria interactions lead to much smaller density of Pt 5d states near the Fermi level than that 

expected for bulk metallic Pt, which consequently greatly decreases the activation barrier 

for the water dissociation; this step is thought to be rate-limited in the water gas shift 

reaction. Moreover, the authors also show that an even more active Pt/CeO2 catalyst is 

obtained when the ceria support is itself supported in the form of tiny nanoparticles on bulk 

TiO2(111), rather than in the form of an extended bulk CeO2(111) surface. This highlights 

an exciting new type of two-phase support material, in which two nanostructured oxide 

phases serve as a better support.110 Moreover, catalyst support can provide additional 

functions for the reactions.57,85,91,114-116 For example, if the reaction requires a bifunctional 

catalyst (e.g. metal and acid functions), acidic supports such as silica-alumina materials 

could be used. On the other hand, if the reaction occurs only on the metal, a more inert 

support such as silica or carbon is suitable. 

2.2.5 Support structure 

The pore structure of the support can influence the performance of the active components, 

since the course of the reaction is often dependent on the rate of diffusion of the reactants 

and products.55-57 According to International Union of Pure and Applied Chemistry 

(IUPAC), the pores of materials are classified by their size: pore sizes in the range of 2 nm 

and below are called micropores, those in the range of 2 nm to 50 nm are named 

mesopores, and those above 50 nm are macropores.117 The pore size distribution, pore 

connectivity and morphology were shown to directly impact the catalytic properties of 

porous materials.57,118-125 For example, microporous materials such as zeolites can 
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selectively convert molecules on the basis of their size. Here, starting materials of a certain 

size and shape can penetrate into the interior of the zeolite pores and undergo reaction at the 

catalytically active sites. Substrate molecules that are larger than the pore apertures cannot 

react. In addition, the porous structure of the support material has proven to be a crucial 

factor for catalyst stability. Loss of active surface area by metal particle growth is a major 

cause of deactivation for supported catalysts. Generally, narrow pores mitigate particle 

growth, an effect which likely relates to lower particle mobility when the size of the 

growing nanoparticles becomes similar to that of the pore host. In addition to pore size, 

pore connectivity and morphology can also play a role on the particle growth by 

influencing the pathways for the transport of metal species under reaction conditions.118,121 

Many innovations were made in designing nanostructured support materials. Ordered 

mesoporous materials with large pore size, large pore volume and tailored pore architecture 

are outstanding candidates for investigating the pore structure-catalytic property 

relationship of supported catalysts.126-131 In this regard, it was suggested, for instance, that 

one-dimensional (1D) pore structure limit growth of metal particles as compared to highly 

interconnected three-dimensional (3D) pore systems. However, 3D interconnected 

porosities are strongly preferred to avoid mass transport limitations and pore blockage. In 

addition, the metal-support interface may also be influenced by the nature and degree of 

concave or convex pore surface. 

2.2.6 Conclusions 

In this section, a brief introduction about the major factors influencing the catalytic 

properties of solid catalysts was presented. One of the principal objectives of modern 

research in heterogeneous catalysis is the development of methods for further control and 

manipulation of the activity, selectivity and stability of such catalytic systems. This can be 

achieved by different approaches, including (i) selection of catalyst composition, (ii) 

manipulations of the atomic structure (e.g., by controlling the size and morphology of the 

catalyst), (iii) choice of the support (composition, structure), or any combination thereof. 

The ultimate goal is to acquire enough knowledge on the factors determining catalytic 

properties to be able to tailor catalysts for a particular application. However, in the real 

catalytic processes, the complex interplay between all the factors makes it difficult to 
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distinguish the influence of each parameter. For example, decreasing particle size not only 

increases surface area but also changes the fractions of corner, edge and terrace atoms. The 

smaller the particle, the more affected it is likely to be by metal-support interaction and 

reaction medium. Moreover, the structure of heterogeneous catalysts is dynamic and 

depends on the composition of the surrounding environment. Some structures and active 

phases may only exist under reaction conditions rendering more difficulties to identify the 

attributes responsible for the catalytic behavior of the catalyst. 

2.3 Synthesis of nanostructured catalysts 

Nanoparticles of transition metals dispersed on high-surface-area oxides or carbon form the 

basis for many catalysts that are important in energy technology, pollution prevention as 

well as environmental clean-up. Ordered mesoporous materials with tunable pore structure, 

controllable pore size distribution, high surface area, large pore volume and thermal 

stability are very suitable catalyst supports or can be used as catalysts themselves, because 

they provide high dispersion of metal nanoparticles and facilitate the access of the 

substrates to the active sites. 126-133 The following sub-sections intend to briefly describe the 

approaches used in the present thesis for the synthesis of mesoporous materials and metal-

supported mesoporous materials as catalysts. 

2.3.1 Mesoporous materials via soft-templating method 

Soft-templating is defined as a process in which organic molecules serve as a ‘mold’, or 

template, and around which a framework is built up. The removal of these organic 

molecules via calcination or solvent extraction results in a cavity which retains the same 

morphology and structure as the organic molecule assembly.134,135 Figure 2.10 presents a 

schematic illustration of the general sol-gel-type synthesis generally used to construct 

mesostructured materials. In this method, the surfactant (cationic, anionic or non-ionic 

surfactant, some typical surfactants are listed in Table 2.1) serves as the organic template or 

structure-directing agent (SDA). Charged inorganic species strongly interact with charged 

surfactant head groups (or block-copolymer hydrophilic components), either directly or 

through counter-ion and hydrogen bond-mediated pathways. 
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Figure 2.10. General soft-templating approach for mesostructure assembly.136 

Soluble inorganic species and surfactant molecules combine to eventually form a 

hybrid mesophase that is the precursor of the final mesostructured hybrid. Among the 

surfactants, non-ionic surfactants and block copolymers (e.g., Pluronic-type, PEO-PPO-

PEO) having a wide range of ordered microdomain morphologies are widely used in the 

synthesis of mesostructured materials owing to their low cost, low toxicity and 

biodegradability.137,138 

 

Table 2.1. Examples of some common surfactants. 

Cationic surfactant 

 

Anionic surfactant 
 

Non-ionic surfactant 

 

 

This route is suitable for the preparation of mesoporous silica, because the hydrolysis 

and condensation rates of silicates can easily be controlled by adjusting reaction parameters 

such as pH value and temperature. The derived mesostructures are influenced by a rational 
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control of the organic-inorganic interactions and the cooperative-assembly of silica species 

and surfactants. A large variety of mesoporous silicas with different pore structures 

including two-dimensional hexagonal (p6mm) and three-dimensional cubic (Im3m, Ia3d, 

Fm3m, etc.) have been synthesized (Figure 2.11).  

 

 

Figure 2.11. Pore models of mesostructures with symmetries of (A) p6mm, (B) Ia3d, (C) Pm3n, (D) 
Im3m, (E) Fd3m, and (F) Fm3m.135 

Examples of different mesoporous structures are illustrated by electron microscopy images 

in Figure 2.12 

 

Figure 2.12 (a) High-resolution SEM image revealing the pore network organization of SBA-15 
silica. (b) TEM image showing the 2-D hexagonal arrangement (p6mm) of the mesopores in SBA-
15. (c) TEM image of cage-like (Im3m) SBA-16 silica, viewed along the [111] direction. (d) 
Typical TEM image of the bicontinuous (Ia3d) KIT-6 silica structure, viewed along the [111] 
direction.139 
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The texture properties and pore morphologies can be controlled by varying synthesis 

conditions (pH, time, temperature) and gel compositions, by use of organic additives or 

added electrolytes, and by the nature of surfactants used. In particular, a fine control of the 

mesopore size is desirable because of potential applications as catalysts, selective sorbents, 

and hosts for quantum size effect materials. Several methods can be applied to adjust the 

pore sizes of such mesoporous molecular sieves.58,134,139-143 Some of the synthetic tools 

used for tailoring pore size are described below. 

Surfactant chain length: The pore diameter of mesoporous materials depends on the 

length of hydrophobic groups in the surfactant molecules or polymers. For non-ionic 

surfactants and block copolymers, the adjustment of pore size can also be achieved by 

varying the concentration of the templating agent, and by changing the ratio of block size in 

the copolymers.58,140,144,145  

Time and temperature: The reaction solution containing inorganic species and surfactants 

are most often hydrothermally aged at temperatures ranging from 40oC to 150oC for a 

period of time varying from hours to days in order to enhance the polymerization degree of 

inorganic species.  

 

 

Figure 2.13. Structure tailoring of SBA-16 by increasing the hydrothermal treatment time or 
temperature.58 

Changing hydrothermal treatment time and temperature can tailor pore size. In case of 

block copolymer especially, increasing the synthesis temperature leads to micelles with a 

larger hydrophobic core volume which in turn results in an increase in pore size of the 

materials.142,143 A similar effect of pore size increase occurs upon longer hydrothermal 
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treatment time. For example, the pore openings and the main mesocage sizes of SBA-16 

silica can be enlarged systematically by increasing the time and/or temperature of the 

hydrothermal treatment (Figure 2.13) 

Organic additives: Adding organic swelling agents is a significant way to expand pore 

sizes. Hydrophobic organic species can be solubilized inside the hydrophobic regions of 

surfactant micelles, which leads to a swelling of the micelles. The pore sizes are most 

efficiently expanded by the addition of large organic hydrocarbons to the synthesis mixture, 

such as dodecane, trimethylbenzene, triisopropylbenzene, tertiary amines, and 

poly(propylene glycol) .134,140,141 

Unlike mesoporous silica, synthesis of non-siliceous mesoporous materials is 

definitely not as straightforward because of the different chemical behavior of the metal 

precursors used.134,136 Metal precursors (generally chlorides or alkoxides) are much more 

reactive than silica-based analogues; uncontrolled condensation yields macroscopic phase 

segregation. In addition, synthesis procedures are extremely sensitive to many external 

parameters, leading in some cases to irreproducible results. In particular, redox reactions, 

possible phase transitions, and crystallization processes are often accompanied by the 

collapse of the structure. Strategies for controlling the hydrolysis–condensation rates of 

metal precursors include utilizing specific pH ranges, stabilizing ligands, nonaqueous 

media, pre-formed nanoclusters, controlled hydrolysis, or some combination thereof. The 

first porous transition metal oxide was reported by Antonelli et al. in 1995 based on 

titania.146 Since then, a large number of mesoporous metals and metal oxides have been 

synthesized.147-149 

The soft-templating method is versatile, but it is also complicated and unpredictable. 

The obtained mesostructures from the self-assembly process are strongly dependent on 

temperature, solvent, concentration, hydrophobic/hydrophilic properties, interface 

interaction, ionic strength and many other parameters. This makes prediction of the 

resulting final mesostructure more difficult. In particular, this method is considered 

unsuitable for the synthesis of materials with composition and structure requiring high-

temperature treatments such as carbon, some spinels or perovskites, which are sensitive to 

thermal treatment and redox reactions. It thus remains a challenge to simultaneously obtain 
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highly crystalline transition metal oxides while retaining the nanostructure control as 

directed from the surfactant templates.  

The soft templating method was used in this work to synthesize different mesoporous 

carbon and silicas designated as KIT-6, SBA-15, MCM-48. 

2.3.2 Mesoporous materials via hard templating (nanocasting) method 

The hard-templating process (i.e., nanocasting) is a powerful method to create mesoporous 

materials that are difficult to synthesize by processes utilizing cooperative assembly 

between surfactants and inorganic species. Rigid templates may be very diverse, but a 

relatively general procedure for nano-replication can be given. In the first step of a structure 

replication process, the pores of the matrix are filled with the precursor for the desired 

product, for example, metal salts such as nitrates for metal oxides. This is usually realized 

by impregnation with a precursor solution, either by a “wet impregnation” or by the 

“incipient wetness” technique. The interaction of the precursor species with the pore walls 

is crucial, and it may involve hydrogen bonding, coordination of metal ions (e.g., on silanol 

groups), Coulomb interactions, and van der Waals forces, which facilitate the migration of 

metal ions. Other approaches to efficiently infiltrate the precursor species into the pores of 

the matrix include vapor-phase infiltration and infiltration in the liquid/molten state in 

absence of solvent. After the infiltration of the precursors and, if needed, the subsequent 

removal of the solvent, the formation of the wanted product is typically accomplished at 

elevated temperatures.150 

 

Figure 2.14.  Schematic representation of hard templating method for the synthesis of non-siliceous 
mesostructured materials. 
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In short, this synthetic pathway involves four main steps as illustrated schematically in 

Figure 2.14): 1) choosing and generating the original template (mesoporous silica or carbon 

are usually used), 2) filling the mesopores with the precursors of the target composition, 3) 

converting these precursors into an continuous solid (i.e., formation of a composite 

consisting of the original template and a target inorganic/polymeric solid), and finally, 4) 

removing selectively the original template by a chemical or a thermal treatment.  

The great advantage of this approach is the possibility of replication of complex 

mesophases and mesopore topologies with a precise level of structural and compositional 

control. Furthermore, morphology and particle shape of the template may be conserved for 

the nanocast replicas (e.g., spheres, thin films, monoliths).151-154 

The target material is usually not incorporated in the pore system of the template as 

such, but under the form of a precursor (often in solution) that has to be converted 

subsequently into the final material. This precursor needs to meet several requirements. 

First, as it must enter the template structure, it must either be gaseous, highly soluble, or 

liquid at moderate conditions, so that it can be infiltrated into the voids of the template 

while achieving high loadings;58,150,155,156 Second, conversion to the desired composition 

should be simple and with as little volume shrinkage as possible. Finally, in most of the 

cases, it should not react chemically with the solid template. Metal nitrate salts are 

attractive precursors due to their high solubility, and availability at low cost. Moreover, 

pure oxides can be obtained because of the facile and complete removal of nitrates via 

thermal decomposition. Then, when choosing the original template, two important points 

must be considered. One is whether the template can maintain its ordered mesostructure 

during the conversion process in the third step. The other is whether the template can be 

easily removed without disrupting the mesoporous structure in the resulting replica. One of 

the most versatile hard templates is ordered mesoporous silica, since it can be prepared in 

diverse pore structures and morphologies.135 Note that, these silica materials dissolve rather 

easily in HF or NaOH solutions, but multiple treatments are often needed to ensure optimal 

removal of silica. Though, it is not unusual to detect residual silicon (a few %) in the 

nanocast oxides when silica is removed using NaOH. 
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The infiltration of the precursor into the pore channels is one of the most important 

factors in nanocasting. The wet impregnation technique is commonly used,155-157 in which 

the solid template is dispersed in a dilute solution of precursors in order for the solute 

species to migrate and to be adsorbed on the pore surface upon solvent evaporation. This 

method often results in low level of loading of the pores with the precursors. Another 

widely used technique is the dry impregnation, also called incipient wetness.158-160 In this 

method, a saturated solution of the precursor is used and the volume of the solution is 

restricted to the pore volume of the hard template used. Although the incipient wetness 

technique usually leads to a higher precursor loading, multiple impregnation steps are often 

required for optimized filling of the pores. Alternatively, a solid-liquid route, which is 

based on using molten nitrate salts for infiltrating the mesoporous silica without of the need 

of a solvent, has been applied to increase oxide loadings in the mesoporous tempalte.161,162 

In all these cases, however, the unique driving force for accelerating the movement of the 

precursor solution into the mesopore channels is capillary effects. Therefore, improving 

capillary force could facilitate the migration of the precursor species. Generally, the metal 

precursors used in nanocasting are hydrophilic. It is believed that enhancing the hydrophilic 

character of the pore walls can increase the incorporation of the precursor with a high 

filling degree. For this purpose, surface functionalization of mesoporous silicas by certain 

organic groups (e.g., -NH2, -CH=CH2) was attempted in order to improve the interaction 

between the pore walls of the template and the metal precursors.160,163,164 Another way is to 

maintain a high surface silanol concentration by performing acidic solvent extraction or 

oxidation under microwave treatment to remove the structure-directing agents used in the 

synthesis of the parent mesoporous silica template, instead of calcination at high 

temperature.150,155,156,165 These above strategies can indeed improve the interactions 

between the pore walls of the templates and the precursors through hydrogen and/or 

coordination bonding. However, these surface interactions are in fact mostly effective for 

the first layer of adsorbed precursor species. As the amount of precursor loading needed to 

obtain a stable mesostructure replica is far higher than the amount of a monolayer 

adsorption, the interactions between the precursors themselves are therefore also critical to 

reach high loading. In addition, too strong interactions between precursors and pore 
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surfaces may hinder the migration of the precursors throughout the structure and, 

consequently, block the channels.  

Beside these chemical aspects, the physical aspects should not be underestimated in 

the infiltration process. The impregnation process may be viewed as the replacement of a 

solid-gas interface by a solid-liquid interface.58,166 Here, the pressure developed in the 

nanopores upon impregnation caused by compressed air bubbles may reach several MPa 

depending on the liquid-gas interfacial tension and pore size of the mesoporous template. 

The higher the surface tension of the precursor solution and smaller the size of the template 

selected, the higher is the pressure in the air bubbles inside the pores.58,167 The development 

of high pressure could impose large forces on the portions of the pore walls in contact with 

these bubbles, which may degrade the mesopore framework of the support upon 

impregnation. Moreover, replacement of the solid-gas interface by a solid-liquid interface 

generally causes a substantial heat release which may alter the quality of impregnation 

when using high concentration of precursor solution. Some methods for preventing or 

limiting the degradation of the mesoporous template can be employed, such as operating 

impregnation in vacuum, using fairly volatile solvents (alcohols or acetone are widely used 

in nanocasting), or adding a surfactant to the solution. However, these solutions either are 

difficult for practical application or lead to a lower precursor filling because of the presence 

of additives or the use of less polar solvents (i.e., lower solubility of metal precursors in the 

solution). One interesting alternative method called the “bi-solvent technique” was 

proposed to overcome precursor infiltration issues.168,169 In this method, the support is first 

dispersed in a pure less wetting solvent prior to being placed in the impregnation solution. 

Here, the characteristics of exothermic effects and high pressure development are no longer 

valid in the step of impregnation. The driving force for the infiltration of the metal 

precursors into the pore channels is a concentration gradient. In connection to that, we 

recently developed a versatile one-step-impregnation synthesis method, which was shown 

particularly suitable for preparation of nanocast mixed metal oxide compositions using 

nitrate salts as precursors. This method is based on using molten nitrate salts in the presence 

of an organic solvent (e.g., n-hexane or cyclohexane) under refluxing conditions, to 

infiltrate different mesoporous silicas as typical solid templates (see details in Chapter 4). 
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After the impregnation step, subsequent drying and thermal treatment(s) to convert 

the precursor into the desired metals/metal oxides are also important steps in the course of 

the replication process. Here, diffusion, nucleation, particle growth and phase 

transformations take place during drying and thermal treatments. In multi-component 

systems, the uniformity of the replicated composite may be influenced by the choice of 

metal precursors, and the presence of chelating agents (e.g., citric acid) may be needed to 

achieve homogeneous precursor distributions as it is, for instance, the case for the nanocast 

synthesis of perovskites.170,171 In turn, the physical and chemical properties of resulting 

material can be linked to several parameters inherent to the treatment conditions used. For 

instance, the size of the replica particles was shown to be strongly affected by the 

environment atmosphere during thermal treatment.172 

The hard templating method was implemented in the present thesis to synthesize 

various high-surface-area mesoporous single and mixed metal oxides.  

2.3.3 Metal-supported mesoporous materials 

There are different routes, such as co-condensation, ion-exchanging, surface grafting, 

chemical vapor condensation, spreading and wetting etc., to prepare supported metal 

catalysts as schematically shown in Figure 2.15.58,85,166,173 The choice of method is not 

always trivial and depends a lot on specific applications. The methods most frequently used 

to achieve the deposition of the active component precursor in the form of nanoparticles 

onto a preformed porous support are impregnation, deposition–precipitation, and metal 

colloid deposition. Both impregnation and deposition-precipitation involve the dissolution 

of the metal precursor in an appropriate solvent, followed then by drying in the case of 

impregnation; for deposition–precipitation the next step is pH adjustment, changing the 

valence of a dissolved active precursor, or decreasing the concentration of a compound 

forming soluble complexes with the active precursor. The resulting solid composite is 

subsequently subjected to direct reduction or calcination-reduction steps to decompose the 

metal precursor to yield the active final metallic state as well as metal-support bonding. The 

disadvantage of these two techniques is the difficulty of well controlling the particle 

structure, the distribution of metal particle size and the location of metal nanoparticles in 

the support pores. Variables which are important include the concentration of the precursor 
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salt, type of salt, solvent, nature of the support, time of contact with the support and the 

presence of other compounds, thermal treatment conditions (e.g., temperature, heating rate, 

gas composition).174-180In the metal colloid deposition, the preformed metal particles are 

adsorbed onto a support, both suspended in a solvent. The size and structure of the metal 

particles are well controlled using the numerous methods known for nanoparticle synthesis. 

However, the metal-support interaction is usually weak. In addition, by-products of the 

nanoparticle preparation which are present in the liquid medium and some nanoparticle 

protective agents may interfere with the catalytic performance of the resulting 

catalysts.78,79,181-184 

 

Figure 2.15. Schematic sketch of the various methods for the functionalization of mesoporous 
material. There are many possible strategies and pathways to introduce novel functions in 
mesoporous materials.173 

In this thesis, the impregnation is the method of choice to prepare supported metal 

catalysts owing to its synthetic simplicity. The simplicity of the preparation method enables 

large quantities of catalysts to be prepared. In addition, this procedure can be used to 

achieve predetermined metal loadings on the catalyst. 
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Chapter 3:                                               

Characterization techniques 

A variety of techniques were used for the characterization of the materials, which were 

synthesized in this thesis. The complexity of the materials requires a number of combined 

physical and chemical characterizations to fully understand the physicochemical properties 

and catalytic chemistry of such materials. Please note that the experimental details for the 

characterizations of the materials in this thesis and the instruments information are detailed 

in the different Results and Discussion chapters. 
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3.1 Physical adsorption 

Gas adsorption can be used for the characterization of specific surface area, pore size, pore 

size distribution and pore volume of nanoporous materials.58,139,185 Adsorption is a general 

phenomenon which occurs every time that a gas or liquid (fluid) comes in contact with a 

solid. Physisorption is the result of van der Waals forces, and the accompanying heat of 

adsorption is comparable in magnitude to the heat of evaporation of the adsorbate. This 

technique is based on the measurement of adsorbed amount as a function of pressure (or 

relative pressure P/P0, where P0 is the saturation pressure of the adsorptive) at a given 

temperature. The resulting relationship, usually presented in graphical form, between the 

amount adsorbed and the pressure, is known as sorption isotherms. The measurement of 

nitrogen, argon and krypton adsorption at cryogenic temperatures (77 K and 87 K) is 

mainly used for surface area and pore size characterization. Nitrogen at 77 K is considered 

to be a standard adsorptive for surface area and pore size analysis. 

 

Figure 3.1. IUPAC classification of the physisorption isotherms. 

The first step in the interpretation of a physisorption isotherm is inspection of its 

shape, because the shape of the isotherms strongly depends on the interplay between the 

strength of attractive fluid-wall and fluid-fluid interactions as well as the porous structure 

of the adsorbent. Within this context, the International Union of Pure and Applied 

Chemistry (IUPAC) has published a classification of six types of adsorption isotherms and 

proposed to classify pores by their internal pore width. Micropores: pores of internal width 
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less than 2 nm; mesopores: pores of internal width between 2 and 50 nm; macropores: 

pores of internal width greater than 50 nm. It has become popular to refer to micropores 

and mesopores as nanopores. The classification of physisorption isotherms and associated 

hysteresis loops is shown in Figure 3.1. Type I isotherms are characteristic of microporous 

materials such as zeolites or activated carbons. Type II and III isotherms are given by the 

physisorption of gases on most non-porous or macroporous adsorbents. Type IV and V 

isotherms are representative for mesoporous adsorbents. Type VI isotherms represent layer-

by-layer adsorption on a highly uniform surface.  

The sorption behavior in micropores is dominated almost entirely by the interactions 

between fluid molecules and the pore walls, therefore micropores fill through a continuous 

process (i.e., no phase transition). In contrast, the sorption behavior in mesopores depends 

not only on the fluid-wall attraction, but also on the attractive interactions between the fluid 

molecules. This leads to the occurrence of multilayer adsorption and capillary (pore) 

condensation (at P/P0 ≥ 0.2). Pore condensation is the phenomenon whereby a gas 

condenses to a liquid-like phase in a pore at a pressure P less than the saturation pressure P0 

of the bulk liquid.  

 

Figure 3.2. Types of hysteresis loops. 
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Capillary condensation is very often accompanied by hysteresis. The shapes of the 

adsorption hysteresis loop classified by IUPAC (see Figure 3.2) have been attributed to 

particular pore structures/networks. Type H1 loop is associated with adsorbents with a 

narrow distribution of uniform (cylindrical-like) pores. Materials that give rise to H2 

hysteresis contain a more complex pore structure in which network effects (e.g., pore 

blocking/percolation) are important. Type H3 and type H4 do not terminate in a plateau at 

high relative pressures, and thus, the limiting desorption boundary curve is not easy to 

define. This behavior can for instance be caused by the existence of non-rigid aggregates of 

plate-like particles or assemblages of slit-shaped pores. The mechanism and origin of 

sorption hysteresis is still under investigation. In general, evaporation occurs without 

nucleation, via a receding meniscus, whereas condensation occurs delayed due to the 

metastabilities associated with the nucleation of liquid bridges, causing capillary 

condensation and capillary evaporation in mesopores. Both capillary effects occur most 

often at different relative pressures which lead to the appearance of hysteresis loops.186-191 

The BET equation, proposed by Brunauer, Emmett, and Teller in 1938, is commonly 

used for the evaluation of specific surface area. Usually, two stages are involved in the 

evaluation of the BET area. First, it is necessary to transform a physisorption isotherm into 

the ‘BET plot’ and from there to derive the value of the BET monolayer capacity, nm. The 

second stage is the calculation of the specific surface area, S, which requires knowledge of 

the molecular cross-sectional area. The monolayer capacity nm is calculated from the 

adsorption isotherm using the BET equation (Eq. 3.1) 

o

o m m o

P/P 1 c 1 P

n(1 P/P ) n c n c P


  

   (3.1) 

Where n is the amount adsorbed at the relative pressure P/P0, nm is the monolayer capacity, 

c is a constant related exponentially to the heat of adsorption in the first adsorbed layer. The 

surface area can thus be calculated from the monolayer capacity on the assumption of close 

packing as: 

S = nmσL  (3.2) 
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Where σ is the molecular cross-sectional area, nm is the monolayer capacity, L is the 

Avogadro constant. The BET equation is applicable for surface area analysis of nonporous 

and mesoporous materials, but in a strict sense should not be applicable in case of 

microporous adsorbents. 

The Barett-Joyner Halenda method (BJH) is widely used for mesopore analysis based on 

the modified Kelvin equation (Eq. 3.3): 

ln (P/P0) = -2γcosθ /RTρ(rp – tc) (3.3) 

Where R is the universal gas constant, γ is surface tension of the liquid condensate and ρ is 

its density, θ is contact angle of the liquid meniscus against the pore wall, rp the pore radius 

and tc the thickness of an adsorbed multilayer film, which is formed prior to pore 

condensation. The Kelvin equation provides a relationship between the pore diameter and 

the pore condensation pressure, and predicts that pore condensation shifts to a higher 

relative pressure with increasing pore diameter and temperature. 

However, methods based on the modified Kelvin equation do not take into account 

the influence of the adsorption potential on the position of the pore condensation transition. 

It is further assumed that the pore fluid has essentially the same thermophysical properties 

as the correspondent bulk fluid. It is found that the BJH- and related approaches based on 

the modified Kelvin equation underestimate the pore size up to 25 % for pores smaller than 

10 nm.  

The alternative and more accurate way to determine pore size distributions is 

therefore to apply density functional theory methods. Nonlocal density functional theory 

(NLDFT) describes the configuration of adsorbed molecules in pores on a molecular level 

and thus provides detailed information about the local fluid structure near curved solid 

walls as compared to the bulk fluid. The DFT methods were developed for pore size 

analysis taking into account the particular characteristics of the hysteresis, that is, the pore 

shape. Correspondingly, pore size distributions are calculated for a given pore geometry, 

using a series of theoretical isotherms (kernels) for pores of the respective geometry with 

different diameters. In principle, the NLDFT method may be applied over the complete 

range of nanopore sizes when suitable kernels are available. A drawback of the standard 

NLDFT is that they do not take sufficiently into account the chemical and geometrical 
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heterogeneity of the pore walls. Recently, the NLDFT method was modified to take into 

account the molecular level surface roughness that is typical to most carbonaceous and 

siliceous materials as well as other materials including hybrid organic–inorganic 

hierarchical structures. This technique, named the quenched solid density functional theory 

(QSDFT), was shown to be more practical than NLDFT for the analysis of microporous 

and mesoporous silicas and carbons.185,190,192,193 

Nitrogen physical adsorption was used throughout our research to characterize the 

mesostructure and porosity of the synthesized materials. 

3.2 X-Ray diffraction (XRD)  

X-ray diffraction is one of the most widely applied techniques in catalyst characterization. 

It is used to identify bulk phases inside solid catalysts, characterize defects, and estimate 

crystal sizes.58,69,194 X-ray diffraction is the reinforced elastic scattering of X-ray photons 

by atoms in a periodic lattice. In principle, if the incident plane wave hits the crystal at an 

arbitrary angle, the interference of the reflected waves can be constructive (in phase), 

destructive or partially destructive (out of phase) (Figure 3.3).  

  

Figure 3.3. (Left) Constructive interference of reflected waves (reflected waves in phase, i.e., 
maxima are superimposed). (Right) Destructive interference of reflected waves (in the two reflected 
waves, maximum and minimum of the respective wave amplitude are superimposed). 

A diffraction peak will be produced for an incident angle θ if the interference is 

constructive. In order to generate constructive interference, the path difference of the two or 

more rays scattered at the same direction is an integer of the wavelength of the X-rays (1.54 

Å for CuKα radiation). Figure 3.3 demonstrates how diffraction of X-rays by crystal planes 

allows one to derive lattice spacing by using the Braggs law: 

nλ = 2dsinθ  (3.4) 
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Where λ is the wavelength of the X-rays, d is the distance between two lattice planes, θ is 

the angle between the incoming X-rays and the normal to the reflecting lattice plane, and n 

is an integer called the order of the reflection. In the derivation of Braggs law, a perfect 

crystal and a perfectly parallel incident beam as well as a strictly monochromatic radiation 

was assumed. In fact, these conditions never exist because only an infinite crystal is really 

perfect and no radiation is strictly monochromatic.  

 

 

Figure 3.4. Effect of finite particle size on diffraction curves, (a) Influence of crystallite size on 
width of diffraction peak, (b) hypothetical case of diffraction occurring only at the exact Bragg 
angle.194 

Deviations from Braggs law are important when dealing with particles of crystallite 

sizes below 100 nm, i.e., nanoparticles, for small size can be considered an imperfect 

crystal because it is not infinite. The finite crystallite sizes lead to peak broadening due to 

incomplete destructive interference in scattering directions where the X-rays are out of 

phase. If the path difference between rays scattered by the first two planes differs only 

slightly from an integral number of wavelengths, then the plane scattering a ray exactly out 

of phase with the ray from the first plane will lie deep within the crystal. If the crystal is so 

small that this plane does not exist, then complete cancellation of all the scattered rays will 

not result. We will find that very small crystals cause broadening of the diffracted beam, 

i.e., diffraction (scattering) at angles near to, but not equal to, the exact Bragg angle. Figure 

3.4a demonstrates the effect of finite particle size on a diffraction curve, while Figure 3.4b 
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illustrates the hypothetical case of diffraction occurring only at the exact Bragg angle. The 

Scherrer formula relates crystal size to peak width: 

D = k λ/βcosθ  (3.5) 

Where D is the crystallite size, λ the wavelength, β the peak width, k a correction factor 

(often taken as 0.9-1) and the θ Bragg angle. X-ray peak broadening provides a quick but 

not always reliable estimate of the particle size. Better procedures to determine particle 

sizes from X-ray diffraction are based on line profile analysis with Fourier transform 

methods.  

From an XRD experiment, information about the lattice strain of the sample can be 

obtained. Lattice strain or microstrain ε is defined as a variation in d-spacing δd/d and is 

usually given as a percentage. Lattice strain will affect the diffraction pattern and can be 

derived by line profile analysis. The variation may be uniform, that is, compressive or 

tensile, which leads to a shift of a Bragg peak, but not necessarily to broadening (Figure 

3.5a).  

 

 

Figure 3.5. Schematic representation of different kinds of lattice strain as a result of external stress 
and their effects on Bragg diffraction peaks (a), and different kinds of defects that contribute to 
nonuniform lattice strain (b).69 

This type of strain may result from external stress, lattice mismatch at epitaxial phase 

boundaries, or lattice atom substitution. The shift of Bragg peaks reflects a significant 

change in the lattice parameter and the interatomic distances. This may have a significant 
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impact on the electronic structure, for example, in the form of a d-band shift in the case of 

transition metals, and affect the adsorptive and catalytic properties of a material.59,69,71,195-

197 Nonuniform strain may be due to defects such as vacancies or interstitials. Dislocations 

and planar faults also induce a strain field in their surroundings. A schematic representation 

of how different kinds of lattice defects may locally change the interatomic distances 

without affecting the average d-spacing is given in Figure 3.5b. 

In a crystal, the periodicities of atom layers with the distances of atom layers  

normally less than 0.2 nm result in XRD patterns in a wide range of 2 theta values (10-90o) 

In the case of ordered mesoporous materials. The long-range ordering of periodic 

mesoporous materials (the inter-plane distance between mesopores being about several 

nanometers) can be evidenced using low angle powder XRD, whereby Bragg reflections 

can be detected at low values of the 2 theta angle (less than 10o). From the positions of 

these reflections, the spacing between lattice planes can be determined and information 

about the size and symmetry of the mesoscopic lattice are obtained. In analogy with liquid 

crystal phases, mesostructured materials exhibit hexagonal, lamellar, or cubic phases.  

In summary, XRD is a basic characterization technique for solid-state analysis. It 

provides basic structure information on particles that are sufficiently large, along with an 

estimate of their crystal domain size. Deeper analysis reveals particle anisotropy, and 

information on stress and strain. The limitation of XRD is that it cannot detect particles that 

are either too small or amorphous.  

X-ray diffraction was used in our research for the determination of phases, crystal 

size, lattice strain, and the mesostructure of the synthesized materials. 

3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopes are very powerful and versatile research tools with 

which one can obtain accurate data on the morphology, size, and spatial distribution of 

small particles on supports. They are essential in the study of crystallography, defects, 

surfaces, and interfaces in a wide variety of solids.69,198,199 

In principle, electron microscopes use a beam of highly energetic electrons to 

examine objects on a very fine scale. The wealth of very different information that is 
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obtainable by various methods is caused by the multitude of signals that arise when an 

electron interacts with a specimen, and the fact that the strength of the various interactions 

is very dependent on the morphology, crystallography and chemical composition of the 

sample. 

When an electron hits onto a material, different interactions can occur, as summarized 

in Figure 3.6. For a systemization, the interactions can be classified into two different types, 

namely elastic and inelastic interactions. In the former case, no energy is transferred from 

the electron to the sample. Furthermore, elastic scattering happens if the electron is 

deflected from its path by Coulomb interaction with the positive potential inside the 

electron cloud. By this, the primary electron loses no energy or – to be accurate –only a 

negligible amount of energy. In the inelastic interaction, energy is transferred from the 

incident electrons to the sample. The energy transferred to the specimen can cause different 

signals such as X-rays, Auger or secondary electrons, plasmons, UV quanta or 

cathodoluminescence. 

 

Figure 3.6. The main types of signal generated in the electron beam–specimen interaction.199 

TEM exploits three different interactions of electron beam-specimen: unscattered 

electrons (transmitted beam), elastically scattered electrons (diffracted beam) and 

inelastically scattered electrons. The transmitted beam is used for morphology analysis 



46 
 

while the diffracted beam and inelastically scattered electrons are used respectively for 

crystalline and composition characterizations. In TEM, a primary electron beam of high 

energy (100-300 keV) and intensity passes through a condenser to produce parallel rays 

which impinge on the sample. Electrons have characteristic wavelengths of less than 1Å, 

and come close to monitoring atomic details; magnification in TEM instruments is ~105 - 

106. When incident electrons are transmitted through the thin specimen without any 

interaction occurring inside the specimen, then the beam of these electrons is called 

transmitted. As the attenuation of the beam depends on the density and the thickness of the 

sample, the transmitted electrons form a two-dimensional projection of the sample mass, 

which is subsequently magnified by the electron optics to produce a so-called bright field 

image. Image contrast in TEM operating in bright field mode is based on mass thickness 

and diffraction effects. The contrast of areas in which heavy atoms are localized will appear 

darker than that of those comprising light atoms and thick areas appear darker than thin 

areas of the same material as demonstrated in the TEM image of CuNi supported on 

mesoporous carbon nanospheres (Figure 3.7). The effect of thickness can be seen as the 

areas at the intersections of carbon nanospheres appear darker than those of separated 

nanospheres, while the effect of large differences in mass is observed as the bimetallic 

CuNi particles, with a size of about 10 nm, and appear with a  black contrast (Cu and Ni are 

by far heavier than carbon support). Furthermore, the Cu-Ni particles are crystalline, and as 

a result, diffraction contrast contributes to the dark contrast as well. TEM is one of the only 

catalyst characterization techniques which enable the determination of particle size 

distributions. 

Furthermore, elastic scattering happens if the electron is deflected from its path by 

Coulomb interaction with the positive potential of nuclei of the atoms. By this, the primary 

electron loses no energy or to be accurate only a negligible amount of energy. If the 

specimen is a crystalline material, the spacing between the scattering centers (atoms) is 

regular, constructive interference of the scattered electrons in certain directions can happen 

and thereby diffracted beams are generated. The crystallographic information could be 

obtained by the technique of high-resolution TEM (HRTEM) which is performed using an 

objective aperture that allows several diffracted beams to interfere with the axial 

transmitted beam to form the image. 
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Composition analysis in the electron microscope by the various processes of inelastic 

scattering of electrons during the beam–sample interactions is particularly effective in 

studies of micro- and mesoporous catalysts and molecular sieves. Energy-dispersive X-ray 

spectroscopy (EDX), where X-ray intensities are measured as a function of the X-ray 

energy, is the most convenient method to use. This technique is often coupled with electron 

microscopy. 

TEM, HRTEM and EDX techniques were used in the present thesis for the 

determination of mesostructure, crystalline phases, elemental analysis, as well as particle 

size distributions. 

 

Figure 3.7. TEM image of bimetallic CuNi nanoparticles supported on mesoporous carbon 
nanospheres. 

3.4 X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is among the most frequently used techniques for 

the characterization of catalysts, as it provides information on the elemental composition in 

the surface region, and the oxidation state of the elements. Photoelectron spectroscopy is 

based on the photoelectric effect: a sample which is irradiated with light of sufficiently 

small wavelength emits electrons.58,69,199 In XPS, an atom absorbs a photon of energy, hν, 

after which a core or valence electron with a certain binding energy Eb is ejected with 

kinetic energy Ek (Figure 3.8): 
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Ek = hν – Eb – φ  (3.6) 

Where h is Planck’s constant; ν is the frequency of the exciting radiation; Eb is the binding 

energy of the photoelectron with respect to the Fermi level of the sample; φ is the work 

function of the spectrometer. 

 

  

Figure 3.8. Schematic energy level diagram for photoemission. 

In XPS, the intensity of photoelectrons is measured as a function of their kinetic 

energy. By using equation (3.6), one converts kinetic energy into binding energy which is 

usually the property assigned to the x-axis of a spectrum. Photoelectron peaks are labeled 

according to the quantum numbers of the level from which the electron originates. An 

electron with orbital momentum l (0; 1; 2; 3; indicated as s; p; d; f;) and spin momentum s 

has a total momentum j= l + s. As the spin may be either up s = 1/2 or down s = -1/2, each 

level with l ≥ 1 has two sublevels, with an energy difference called the spin-orbit splitting. 

Thus, the Cu 3p level gives two photoemission peaks, 3p3/2 (with l = 1 and j = 1 + 1/2) and 

3p1/2 (l = 1 and j = 1 – 1/2) as shown in Figure 3.9.  
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Figure 3.9. Cu(2p) spectra of different oxidation states in CuO and Cu. 

Binding energies of electrons are characteristic of the element from which the 

photoelectron originates, thus XPS can be used to analyze the composition of samples. 

Binding energies also contain chemical information, because the energy levels of core 

electrons depend slightly on the chemical state of the atom. Chemical shifts are typically in 

the range of 0 to 3 eV. In general, the binding energy increases usually with increasing 

oxidation state, and for a fixed oxidation state with the electronegativity of the ligands. In 

other words, energy required to remove a core electron from an atom should increase with 

increasing positive net atomic charge and decrease with increasing negative net atomic 

charge. Almost all photoelectrons used in XPS have kinetic energies in the range of 0.2 to 

1.5 keV. The inelastic mean free path of an electron depends on its kinetic energy, thus the 

probing depth of XPS (usually taken as 3λ) varies between 1.5 and 6 nm. 

Photoelectrons may impart energy to other electrons in the atom leading to kinetic 

energy losses and the corresponding shake-up peaks (also called satellites) appear at higher 

binding energies in the spectrum. Discrete shake-up peaks are prominently present in the 

spectra of several oxides of nickel, copper, iron, and cobalt. They are highly useful features 

as their properties depend on the oxidation state of the emitting atom (Figure 3.9).  

In our study, XPS was used in Chapter 5, 6, 7 to investigate the chemical state and 

surface composition of different metal oxide catalysts.  
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3.5 Raman Spectroscopy 

Raman spectroscopy has been used to investigate oxide catalysts. It provides insight into 

the structure of oxides, their crystallinity, and the coordination of metal oxide sites. Raman 

spectroscopy is based on the inelastic scattering of photons, which lose energy by exciting 

vibrations in the sample. When a monochromatic light of frequency ν0 hits a sample, 

Rayleigh scattering of quanta with energy hν0 occurs in an elastic scattering process. The 

Raman scattering of quanta with energy smaller or larger by the amount of the vibrational 

energy hνvib occurs in an inelastic scattering process. Stocks lines are recorded as the 

Raman spectrum.58,69,199,200  

CeO2 and CeO2-based materials are of interest for their utilization in three-way 

catalysts, in environmental catalysis, and as catalyst supports. Raman spectroscopy has 

been widely used to characterize the nature of the CeO2 support and the oxygen species 

formed on it. For example, it is well established that the Raman band near 464 cm-1 in 

CeO2-x nanoparticles, which is assigned to the vibrational metal-oxygen mode of the F2g 

symmetry in a cubic fluorite lattice, shifts to lower energies, and the line shape of this 

feature gets broader as the particle size gets smaller. The source of shifting and broadening 

is associated with the strain coming from the presence of Ce3+ ions and oxygen 

vacancies.201-205 

In our research, this technique was especially employed to characterize the presence 

of oxygen vacancies and defects in the Metal/CeO2 catalysts which play important roles in 

CO oxidation studied in Chapter 5. 

3.6 Temperature-programmed reduction (TPR) 

TPR is a highly useful technique which enables a quick characterization of metallic 

catalysts.57,58,69 In TPR, one follows the degree of reduction of the catalyst as a function of 

time, while the temperature increases at a linear rate. In TPR, a reducible catalyst or 

catalyst precursor is exposed to a flow of a reducing gas mixture (typically H2 or CO in 

inert gas) while the temperature is increased linearly. The rate of reduction is continuously 

followed by measuring the composition (H2 or CO content) of the reducing gas mixture at 

the outlet of the reactor.  In our case, the temperature-programmed reduction experiments 
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were carried out using Advanced Scientific Designs, RXM-100 as shown simplified in 

Figure 3.10. The reactor was connected to a thermal conductivity detector (TCD). 

 

Figure 3.10. Scheme of a typical TPR apparatus (TCD, thermal conductivity detector; TC, 
thermocouple; PC, computer). 

TPR provides information on the temperature needed for the reduction of a catalyst. 

For bimetallic catalysts, TPR profiles often indicate whether the two metals are in contact 

or not.105,206-216 The TPR of supported metallic catalysts can reveal evidence of metal-

support interaction. 

 

Figure 3.11. TPR profile of CeO2/PM/Al2O3 (PM: Pt, Au, and Ag). +: PM oxide reduction); * 
reduction of surface ceria in contact with PM; ○ reduction of surface ceria not in contact with PM; 
■ reduction of bulk ceria.105 
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For example, in the case of precious metals (Ag, Au, Pt) supported on CeO2 metal 

incorporation promotes the reduction of CeO2 at much lower temperature compared to 

reduction of pure CeO2 (Figure 3.11). Furthermore, it was suggested that metal 

incorporation promotes both hydrogen spillover and an electronic modification, with the 

latter providing the driving force and the cause of the hydrogen spillover. The reduction 

mechanism is as follows: As soon as a precious metal oxide becomes metallic it dissociates 

hydrogen; atomic hydrogen migrates to ceria in contact with metals and reduces the oxide 

instantaneously.105 

In the present study, TPR was used to investigate the reducibility and the interaction 

between catalyst constituents, properties which are closely associated with the catalytic 

properties of the catalysts. 

3.7 Atomic absorption spectroscopy 

The bulk composition can be analyzed by means of Atomic Absorption Spectroscopy 

(AAS). In AAS, electronic transitions between the energy levels of atoms into excited 

states are generated by the absorption of photons in the visible frequency range (about 200–

1000 nm). The change in intensity of the light beam is measured and correlated with the 

concentration relative to the absorbance of a calibration standard. The absorption lines are 

characteristic for each element. The instrumentation consists of a hollow-cathode light 

source of the element to be measured, a flame (usually an air–acetylene or air–propane 

flame)–into which a sample solution is dosed, a monochromator for the analysis of the 

wavelength of the radiation of the element under study and a detector. For AAS, a solid 

catalyst sample has to be dissolved by an acid such as HCl, HNO3 or HF.58 

3.8 Catalytic reaction studies 

3.8.1. Preferential oxidation of CO 

The catalysts were pretreated and tested using a stainless-steel continuous fixed-bed flow 

micro-reactor (BTRS –Jr PC, Autoclave Engineers) shown schematically in Figure 3.12. 

Electronic mass flow controllers were used for regulation of the gas feed streams. The 

reactor was constructed of stainless-steel tubing with 3 mm wall thickness and dimension 
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of 4.5 mm I.D. by 300 mm length. The reactor was heated using a tubular furnace that was 

regulated using a proportional temperature controller. The temperature of the catalyst bed 

was monitored using a 1.2 mm O.D thermocouple that extended along the center of reactor 

into the bed. Prior to the tests, 100mg of sample was treated under a flowing 20% O2/He 

mixture at 300°C for 60min. The feed contained 1.64% CO, 1.62% O2, 90.25% H2, and 

balance He. Products and reactants were analysed using a gas chromatograph equipped 

with TC-detector. No products other than those resulting from CO or H2 combustion (i.e., 

CO2 and H2O) were observed under the applied reaction conditions. Basically, values of 

percentage conversion and selectivity in the CO-PROX process are defined as: 

 

Where χ and S are percentage conversion and selectivity, respectively, and F is (inlet 

or outlet) molar flow of the indicated gas. 
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Figure 3.12. Scheme of catalyst testing system BTRS-Jr PC 

3.8.2. Catalytic hydrogen generation 

a) Catalytic hydrolysis of ammonia-borane (AB): The catalytic activity of the prepared 

catalysts toward hydrolysis of AB (H3NBH3 + 2H2O  NH4
+ + BO2

- + 3H2) was 

determined by measuring the rate of hydrogen generation in a typical water-filled gas 

burette system. A 5 ml aqueous dispersion of catalyst was transferred into the reaction flask 

and a 5 ml aqueous solution of AB (0.73-2.92 mmol) was injected into the catalyst solution 

under stirring. The volume of hydrogen gas evolved was measured by recording the 

displacement of water level in an inverted and graduated water-filled burette. 

b) Catalyst reusability in the hydrolysis of AB: After the hydrogen generation reaction 

was completed, the catalysts were kept in the reaction solution under ambient conditions, 

and another equivalent of AB in 2 ml H2O was added to the reaction system. The process 

was repeated for several cycles. 
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c) Hydrous hydrazine decomposition reaction: The catalytic tests were carried out at 

60oC in three-necked round bottom flask. The reaction was initiated by introducing 0.3 ml 

diluted N2H4.H2O (16 ml N2H4.H2O in 100 ml aqueous solution) into the flask containing 

100 mg of catalyst dispersed in 8 ml NaOH solution (0.5 M). The gaseous product was 

passed through a trap containing 0.1M hydrochloric acid to ensure the adsorption of 

ammonia (if generated), and was then volumetrically monitored using the gas burette.  

The hydrogen of hydrazine could be released by the desired complete decomposition 

through the reaction:  

H2NNH2 N2 + 2H2 (pathway 1) 

or the undesired incomplete decomposition to ammonia: 

 3H2NNH2  4NH3 + N2 (pathway 2) 

The selectivity towards hydrogen (x) was determined based on the following equation: 

3N2H4  4(1-x) NH3 + 6xH2 + (1+2x) N2, which could be derived from the above two 

pathways. The selectivity could be calculated as follows: x=(3λ-1)/8 where λ=n(N2 + 

H2)/n(N2H4) (1/3≤ λ ≤ 3). 

In order to further confirm the selectivity to hydrogen obtained from volumetric 

measurement, the amount of ammonia in the HCl trap was determined by acid-base 

titration. 

d) Acid-base test of the ammonia gas: the gas evolved from the catalytic hydrolysis of 

AB and hydrazine decomposition was passed through a 50 ml standard solution of 0.1M 

HCl at room temperature. After the reaction was completed, the resulting HCl solution was 

titrated with a standard solution of 0.1M NaOH by using phenolphthalein as an indicator. 

The presence of released ammonia was probed by comparing the difference in the amount 

of NaOH consumed for the blank HCl solution and the HCl solution after AB hydrolysis 

reaction. 
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Résumé 

Dans ce chapitre, une méthode en une seule étape d'imprégnation efficace pour synthétiser 

des oxydes bimétalliques mésoporeux et cristallins (par exemple NiFe2O4, CuFe2O4, 

Cu/CeO2) a été développée en utilisant de la silice mésoporeuse comme matrice rigide dans 

des conditions optimisées de mélange. Ce nouveau procédé permet l'obtention d'une 

réplique fidèle de la mésostructure avec un rendement élevé et une grande pureté de phase, 

tout en conservant la morphologie des particules de la matrice. 
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Abstract 

We report here on an efficient one-step-impregnation method to synthesize crystalline 

mesoporous bimetal oxides (e.g.NiFe2O4, CuFe2O4, Cu/CeO2) using mesoporous silicas as 

hard templates under optimized mixing conditions. This new procedure enables a true 

replication of the mesostructure with high yield and phase purity, while retaining particle 

morphology of the template. 
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4.1. Introduction 

The templated synthesis of porous non-siliceous compositions via the nanocasting pathway 

is a method based on using mesoporous silica or carbon materials, in most cases, as solid 

templates, in which suitable precursors are first infiltrated and then converted/solidified 

while being confined within the host matrix. This method has emerged as a highly powerful 

strategy for producing a wide range of amorphous or crystalline nanoporous materials 

having vast potential for applications in catalysis, sensing, or batteries.77,217-221 However, 

the nanocast synthesis of multi-metal oxides,158,222-224 e.g. mixed metal oxides, perovskites 

or spinels, has been far less explored compared to single metal oxides, most likely due to 

their more difficult preparation requiring accurate stoichiometry, miscible precursors and 

high crystallization temperatures. As representative examples, NiFe2O4 and CuFe2O4 are 

among the most extensively studied materials in the fields of electronics, magnetics and 

catalysis.176,225,226 Also, Cu/CeO2 is a promising candidate for CO gas sensing or 

preferential CO oxidation in the presence of H2 for proton-exchange membrane fuel cell 

technology.54,227 However, thus far, the synthesis of such mesoporous mixed metal oxides 

in high purity and high yield remains difficult. Moreover, in the standard nanocasting 

procedure, multiple impregnation steps or surface modification of the template is often 

needed for optimized filling of the pores, which could represent a severe drawback for 

expanding the use of nanocasting. Clearly, progress to improve the nanocasting synthesis is 

urgently needed. 

Herein, we thus report a versatile one-step synthesis method suitable for nanoporous 

mixed metal oxides (e.g.NiFe2O4, CuFe2O4, Cu/CeO2) using nitrate salts as precursors, and 

different mesoporous silicas as typical solid templates. In this new procedure, 

mesostructured crystalline bimetal oxide replicas showing a very high surface area are 

obtained in one single impregnation step, which is performed under reflux, followed by 

calcination at given temperatures and template dissolution. These conditions are shown not 

only to be suitable for easy preparation of phase-pure mesoporous mixed metal oxides in 

high yields, but also allow proper replication of the particle morphology of the template, as 

demonstrated by the example of MCM-48 nanospheres. 
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4.2. Experimental section 

4.2.1. Synthesis of mesoporous silica SBA-15 

The synthesis was performed with the following initial molar gel composition: 0.99 

TEOS/0.54 HCl/0.016 P123/100H2O. In a typical synthesis, 6.0 g of Pluronic P123 was 

dissolved in 114 g of deionized water and 3.5 g of hydrochloric acid (37%) at 35oC under 

magnetic stirring. Then, 13.0 g of TEOS was rapidly added to the initial homogeneous 

solution. The resulting mixture was stirred for 24 h at 35oC and subsequently 

hydrothermally treated for an additional 24 h at 100oC to ensure further framework 

condensation. The solid product was filtered without washing and dried for 24h at 100°C. 

For template removal, the as-synthesized silica powders were first shortly slurried in 

ethanol and subsequently calcined at 550°C for 3 h.228 

4.2.2. Synthesis of mesoporous silica KIT-6 

Briefly, 9.0 g of Pluronic P123 (EO20PO70EO20, Sigma-Aldrich) was dissolved in 325 g of 

distilled water and 17.40 g of HCl (37%) under vigorous stirring. After complete 

dissolution, 9.0 g of 1-butanol was added. The mixture was left under stirring at 35oC for 1 

h, after which 19.35 g of tetraethyl orthosilicate (TEOS) was added to the homogeneous 

clear solution. The synthesis is carried out in a closed polypropylene bottle. The molar 

composition of the starting reaction mixture is TEOS/P123/HCl/H2O/BuOH 

=1/0.017/1.9/195/1.31. This mixture was left under stirring at 35oC for 24 h, followed by an 

aging step at 100oC for 24 h under static. The resulting solid products were then filtered and 

dried for 24 h at 100oC. The solid product was then filtered, dried, and finally calcined at 

550oC.229 

4.2.3. Synthesis of mesoporous silica MCM-48 nanospheres:  

The MCM-48 nanospheres were synthesized using a mixture of cetyltrimethylammonium 

bromide (CTAB) and ethanol as a structure-directing mixture. Tetraethyl orthosilicate 

(TEOS) and triblock copolymer F127 (Pluronic F127, EO106PO70EO106) were applied as a 

silica source and a particle dispersion agent, respectively. The molar composition of the 

reaction mixture was of 1TEOS:0.16CTAB:21.4NH3:85EtOH:676H2O:0.017F127. A 

typical preparation of MCM-48 nanosphere is as follows: 1 g of CTAB and 4g of F127 are 
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dissolved in 212 ml of distilled water, 85 g of EtOH, and 21.28 g of 29 wt% ammonium 

hydroxide solution at room temperature. After complete dissolution, 3.6 g of TEOS is 

added into the mixture at once. After 1 min of mechanical stirring at 1000 rpm, the mixture 

was kept at a static condition for 24 h at RT for further silica condensation. The white solid 

product is recovered by ultrahigh speed centrifuge, washed with water, and dried at 70oC in 

air. The final template free MCM-48 nanosphere materials are obtained after calcination 

550oC for 5 h in air.230 

4.2.4. Synthesis of mixed metal oxides by hard templating 

 Hydrated metal nitrates Cu(NO3)2.3H2O, Ce(NO3)3.6H2O, Ni(NO3)2.6H2O, 

Fe(NO3)3.9H2O (Aldrich) were used as the metal precursors. Typically, 2.5 g of the nitrate 

salts in stoichiometric proportion were pre-mixed together with 1g of mesoporous silica 

powder and ground in an agate mortar in the presence of 10 ml non-polar organic solvent 

(e.g. n-hexane, cyclohexane) to form homogeneous mixture. Note here that the metal nitrate 

hydrate salts can be liquefied at lower temperature on the surface of the solid than in the 

bulk when they are pressed and ground. Therefore, this wet grinding step could serve as a 

driving force for reducing melting point and thus increasing homogeneity of the mixture. 

The resulting mixture was subsequently dispersed in 30 ml of the respective solvent and 

stirred overnight under reflux (70-80oC). Under these conditions, the salt hydrate precursors 

melt to form a highly concentrated salt solution and thus preferentially adsorbed into the 

pores due to the surface polarity of silica matrix. The solid products were then obtained via 

filtration, dried in air at 70-80oC and calcined at 500oC (for Cu/CeO2 and NiFe2O4) or 

600oC (in the case of CuFe2O4) for 5h with heating ramp of 1oC/min. The silica template 

was then selectively removed by treating the powders with NaOH (2M) solution at room 

temperature 3 times for 24 h. Finally, the nanocast products were washed with water and 

ethanol, and then dried at 70oC. 

4.2.5. Characterization  

Transmission electron microscopy (TEM) images and selected area electron diffraction 

(SAED) of TiO2 NPs were obtained on a JEOL JEM 1230 operated at 120 kV. Samples 

were prepared by placing a drop of a dilute toluene dispersion of nanocrystals onto a 200 

mesh carbon coated copper grid and evaporated immediately at ambient temperature. High-
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resolution transmission electron microscopy (HRTEM) images were obtained on a using 

Philips F20 Tecnai instrument microscope operated at 160 kV. 

X-ray diffraction (XRD): The quality of 2D hexagonal SBA-15 and 3D cubic KIT-6 

was checked by low-angle X-ray diffraction (XRD) recorded on a Rigaku Multiplex, 

operated at 2 kW, using Cu Kα radiation. The long range order of mesoporous materials 

produces distinct diffraction patterns at angles in the range of 0o < 2θ < 5o. The wide X-ray 

diffraction patterns of the samples were obtained on a Bruker SMART APEXII X-ray 

diffractometer  operated at 1200 W power (40 kV, 30 mA) and equipped with a CuK 

radiation source (=1.5418 Å). 

Nitrogen physisorption experiments were measured on a Micromeritics ASAP 2010 

system at liquid nitrogen temperature (-196oC) with prior degassing of the calcined silica 

samples under vacuum at 200oC and nanocast materials at 150oC overnight. Total pore 

volumes were determined using the adsorbed volume at a relative pressure of 0.95. The 

Brunauer-Emmett-Teller (BET) equation was used to calculate the surface area SBET from 

adsorption data obtained at P/P0 between 0.05 and 0.2. The pore size distributions were 

obtained by the non-local density functional theory (NLDFT) method and calculated using 

the Autosorb-1 software, supplied by Quantachrome Instruments. The NLDFT kernel 

selected considers sorption of N2 on silica at -196oC assuming cylindrical pore geometry 

and the model based on the adsorption branch. 

4.3. Results and discussion 

4.3.1. Structural characterization of mesoporous silicas (SBA-15, KIT-6, and 

MCM-48) 

The quality of the mesostructures of the different materials was judged from TEM, powder 

X-ray diffraction (XRD) and N2 physisorption (Figure 4.1 and S4.1, S4.2). First, all of the 

silica templates showed the expected highly ordered mesoporous structures, in agreement 

with the literature. The present series of mesoporous silica materials under study were first 

characterized by XRD in order to confirm the nature of the mesophase. All XRD diffraction 

patterns of the template-free materials indicate long range order with the symmetry of the 

mesophase being commensurate with the body-centered cubic Ia3d space group of KIT-6, 
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MCM-48 and hexagonal symmetry P6mm of SBA-15. The TEM images further confirm 

the mesostructure of all mesoporous silicas, particularly, the MCM-48 nanospheres exhibit 

uniform diameter of about 120 nm. 

 

Figure 4.1. TEM images of mesoporous silicas: (A) SBA-15 aged at 100oC, (B) KIT-6 aged at 
100oC, (C) MCM-48 nanospheres. 

The high structural order of the mesopore SBA-15, KIT-6 and MCM-48 materials is 

also evident from the gas adsorption data. As can be seen, all the isotherms are typical type 

IV exhibiting a steep capillary condensation step characteristic of narrow distribution of 

mesopores. The specific surface area, pore size and pore volume of the synthesized 

mesoporous silica materials deduced from nitrogen sorption were presented in table S4.1. 

4.3.2. Nanostructured mixed metal oxides (Cu/CeO2, NiFe2O4, CuFe2O4) 

Figure 4.2 (A1, A2 and A3) show TEM images of NiFe2O4, CuFe2O4 and Cu(20)/CeO2 

(molar ratio of Cu to Ce is of 0.2) obtained from the replication of 3-D cubic KIT-6 silica. 

All of these replicas clearly present extended domains of the ordered 3-D pore structure. 

Moreover, TEM investigations of the nanocast replicas generated with MCM-48 

nanospheres (Figure 4.2 B1, B2 and B3) evidently confirmed the formation of mesoporous 

NiFe2O4, CuFe2O4 and Cu(20)/CeO2 materials with retention of the spherical particle 

morphology of the template. 

 

100 nm100 nm100 nm

A  

50 nm50 nm

B  

200 nm

C 
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Figure 4.2. TEM images of mesoporous bimetal oxide replicas prepared using KIT-6 (A1, A2, A3) 
silica and MCM-48 silica nanospheres (B1, B2, B3): (A1, B1) NiFe2O4, (A2, B2) CuFe2O4, (A3, 
B3) Cu(20)/CeO2. Insets show high magnification images of the corresponding materials. 

The large extent of network replication through the one-step impregnation process 

was further evidenced when using SBA-15 silica as the template. As shown in Figure 4.3, 

TEM images of the resulting nanocasts displayed wide arrays of mesoscopically ordered 

NiFe2O4, CuFe2O4 and Cu(20)/CeO2. High-resolution TEM investigations (Figure 4.3 and 

Figure S4.4, SI) revealed that the framework walls of the samples consist of nanocrystalline 

domains of ferrite-type spinels. The lattice fringes corresponding to the (311), (200) planes 

of face-centered cubic spinels are clearly visible and connecting bridges between two 

nanowires can be observed (Figure 4.3E and 4.3F). Elemental EDX mapping combined 

with HAADF-STEM conducted on nanowire array samples (CuFe2O4, NiFe2O4) confirmed 

the occurrence of homogeneous distributions of Cu, Fe, Ni and O. It is noteworthy that 

isolated nanowires of NiFe2O4, with a diameter of 6–7 nm, were obtained in the case of a 

SBA-15 template aged at 80oC, with a metal precursor loading of 1.5 g/1 g silica. Such 1-D 

spinel structures (e.g. individual elongated NiFe2O4 nanowires) could be of special interest 

owing to their magnetic and electronic properties.231-233 We also observed that 
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nanostructures varying from short nanorods to nanowire arrays were produced as the 

loading of nitrate precursors was increased from 1.5 to 2.5 g/1 g silica (Figure 4.3B and 

S4.5, SI), confirming the nanocast structure dependence on precursor loading.156 

 

Figure 4.3. TEM and HRTEM images of the oxide replicas using SBA-15 template: (A, C, E) 
NiFe2O4, (D, F) CuFe2O4, (B) Cu(20)/CeO2. 

Wide-angle XRD patterns of the mixed metal oxides obtained from the KIT-6 and 

MCM-48 templates (Figure 4.4B and Figure S4.6, SI) all indicated pure crystalline phase 

with a face-centered cubic structure for both CeO2 and the ferrite spinels. The diffraction 

peaks are relatively broad, reflecting the nanocrystalline nature of the walls of the replicas. 

The average crystal sizes calculated according to the Scherrer equation were about 6 nm for 

Cu(20)/CeO2 and CuFe2O4, and 9 nm for NiFe2O4 (all from KIT-6), values which are in 

line with previous reports on nanocast metal oxides templated from similar silica 

materials.161,222,223 The absence of the CuO phase in the wide-angle XRD pattern of 

Cu(20)/CeO2 proved that Cu species are highly dispersed or incorporated in the ceria 

lattice, and the presence of Cu was confirmed by atomic absorption. As shown in Figure 
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4.4A (see also Figure S4.7 and S4.8, SI), the low angle XRD patterns of the mesoporous 

mixed metal oxide samples (Cu(20)/CeO2, NiFe2O4, CuFe2O4) prepared using different 

templates (MCM-48, KIT-6, SBA-15) showed weak diffraction peaks at low 2-theta values 

associated with the mesoscopic structure of the mixed metal oxides. 

 

Figure 4.4. Low-angle (left) and wide-angle (right) XRD patterns of nanocast materials using KIT-
6 as the template. 

In terms of porosity, the nanocast samples showed high nitrogen sorption capacity at 

−196oC with isotherms being characteristic of well-developed mesoporous nanocast metal 

oxides (Figure S4.9).156,223,230 In particular, the mesoporous bimetal oxide samples from 

MCM-48 nanospheres possess a very high surface area and high pore volume, among the 

highest reported to date:234,235 219 m2 g−1 and 0.57 cm3 g−1 for Cu(20)/CeO2, 296 m2 g−1 

and 0.52 cm3 g−1 for CuFe2O4, and 250 m2 g−1 and 0.32 cm3 g−1 for NiFe2O4, respectively 

(see Table S4.2). Here, NLDFT pore size distributions of CuFe2O4 and NiFe2O4 indicated 

mesopores of ~2.5–3.5 nm (Fig. S4.10, SI). 

To compare with previous nanocasting procedures, we also synthesized mesoporous 

Co3O4 (using KIT-6 template), an important anti-ferromagnetic material which had been 

prepared previously by nanocasting.156,163,236 In most cases, it was reported that multi-

impregnation steps or vinyl functionalization of the silica surface is necessary to obtain 
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such a highly ordered mesostructure of Co3O4.156,163 In our case, the results revealed that 

cobalt oxide replicated perfectly the Ia3d pore structure of un-modified KIT-6, in one 

single impregnation step (Figure S4.11 and S4.12, SI), yielding a surface area of 118 m2 

g−1, pore volume of 0.28 cm3 g−1 and narrow pore size distribution of 4 nm. 

Methods such as melt infiltration of mesoporous silica with nitrate salts have been 

applied to increase oxide loading in the porous host framework.161,237 However, these 

efforts were limited to single metal oxides and the use of highly viscous molten salts may 

degrade the mesopore framework of the support upon impregnation. To explain this, the 

impregnation process may be viewed as the replacement of a solid–gas interface by a solid–

liquid interface. Here, the pressure developed in the nanopores upon impregnation caused 

by compressed air bubbles may reach several MPa depending on the liquid–gas interfacial 

tension. The molten metal salts are highly viscous with high surface tension, which could 

limit diffusion in pores and induce high pressure during the infiltration process. Such 

drawbacks of directly using molten metal salts can be overcome if the pore space of the 

silica support is first filled with alkane solvents, which have much lower surface tension 

than highly concentrated salt solutions, prior to being placed in contact with the metal 

precursors. In our case, nonpolar organic solvents were used to pre-wet the silica surface. 

Then, to gain additional insight into the process of precursor infiltration under our reflux 

conditions, the effects of solvent and reflux temperature on the structure of Cu(20)/CeO2 

were studied using a SBA-15 template. As can be seen in Figure S4.13 (SI), bundles of 

nanowires were obtained when using a variety of solvents (n-hexane, n-heptane and 

cyclohexane) under refluxing at 70oC and 80oC. However, bulk particles were formed with 

increasing the reflux temperature up to 100oC. This effect may be due to weaker 

interactions between the metal precursors and the parent silica surface at higher 

temperature, resulting in limited infiltration of the precursors into the pore channels. Most 

importantly, Cu(20)/CeO2 samples prepared without applying the reflux process, with other 

parameters remaining the same, consist of short disordered nanorods (Figure S4.14), 

suggesting insufficient pore filling. Similarly, Cu(20)/CeO2 was also prepared by 

conventional wet impregnation using ethanol with same loading of precursors and 

annealing conditions as before. In that case, bulk oxide particles were observed (Figure 
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S4.15). These results plainly establish that the reflux process in organic solvent facilitates 

the infiltration of the pores with the metal precursors. 

4.4. Conclusions 

In conclusion, we have described an efficient and simple synthetic procedure for improving 

the nanocasting preparation of crystalline nanostructured porous metal oxides. The method 

based on using molten nitrate salts in the presence of an organic solvent (e.g. n-hexane or 

cyclohexane) under refluxing conditions is adapted for a large variety of compositions, 

especially high-surface-area mixed metal oxides, which are difficult to prepare otherwise. 

The following chapter will present catalytic performances of the Cu-CeO2-based materials 

prepared by this improved nanocasting method. To study the catalytic properties of these 

new materials, the CO-preferential oxidation in excess of H2 (i.e., PROX process) was 

chosen as a representative and important catalytic reaction. 
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4.5. Supporting information 

 

Figure S4.1. Low angle XRD patterns of mesoporous silicas: (A) SBA-15 aged at 100oC, (B) KIT-
6 aged at 100oC, (C) MCM-48 nanospheres (Rigaku Multiplex, operated at 2 kW, using Cu Kα 
radiation). 

 

Figure S4.2. N2 adsorption-desorption isotherms at -196oC of mesoporous silicas: (A) SBA-15 
silica aged at 100oC, (B) KIT-6 silica aged at 100oC, (C) MCM-48 silica nanospheres 
(Micromeretics ASAP 2010). 
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Table S4.1. Structural parameters of the mesoporous silica materials 

Sample Surface area SBET 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

KIT-6 904 1.16 7.6 

SBA-15 713 0.88 7.0 

MCM-48 1650 1.31 3.5 

 

 

Figure S4.3. TEM images of Cu(10)/CeO2 and Cu(30)/CeO2 prepared using KIT-6 as a template (as 
indicated). 
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Figure S4.4. HRTEM images of (A) CuFe2O4 nanocast using KIT-6 template (B) NiFe2O4 nanocast 
prepared using KIT-6 as the template and (C) NiFe2O4 nanowires from SBA-15 (the images were 
obtained using Philips F20 Tecnai instrument, 160 kV).  

 

Figure S4.5. TEM images of Cu(20)/CeO2 prepared using SBA-15 as the template with different 
loadings of nitrate precursor/silica: A) 1.5 g/g silica, B) 2 g/g silica. 
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Figure S4.6. Wide angle powder XRD patterns for the mixed metal oxides prepared in this work 
prepared using MCM-48 as the template (as indicated) (Bruker SMART APEXII X-ray 
diffractometer with a Cu Kα radiation). 

 

Figure S4.7. Low angle XRD patterns of nanocast mixed oxides prepared using SBA-15 as the 
template: (a) isolated nanowires NiFe2O4, (b) mesostructured Cu(20)/CeO2, (c) mesostructured 
CuFe2O4, (d) nanowire bundles NiFe2O4 (Rigaku Multiplex, operated at 2 kW, using Cu Kα 

radiation). 
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Figure S4.8. Low angle XRD patterns of nanocast mixed oxides prepared using MCM-48 
nanospheres as the template (as indicated) (Bruker SMART APEXII X-ray diffractometer with a Cu 
Kα radiation). 

 

Figure S4.9. N2 adsorption-desorption isotherms measured at -196oC for the mixed metal oxides 
prepared using (A) KIT-6 silica as a template, and (B) SBA-15 as a template  (as indicated) (ASAP 
2010). 
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Figure S4.10. N2 adsorption-desorption isotherms at -196oC and respective NLDFT pore size 
distributions (inset) deduced from the adsorption branch for the nanocast mixed metal oxides (as 
indicated). 

 

Figure S4.11. N2 sorption isotherm and respective NLDFT pore size distribution (adsorption 
branch) of single oxide Co3O4 nanocast prepared using KIT-6 as the template. 
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Figure S4.12. TEM image of Co3O4 prepared using KIT-6 as the template wide angle XRD pattern 
of Co3O4 using KIT-6 as the template. 

 

Figure S4.13. TEM images of Cu(20)/CeO2 prepared using SBA-15 as the template in the presence 
of different solvents at varied reflux temperatures with fixed precursor loading of 2.5 g/1g silica: 
(A) n-hexane at 70oC, (B) cyclohexane at 70oC, (C) n-heptane at 70oC, (D) cyclohexane at 80oC, 
and (E) n-heptane at 100oC. 

 

200 nm 



80 
 

 

Figure S4.14. TEM images of A) Cu(20)/CeO2 nanocast prepared using SBA-15 as the template 
without reflux process (the nitrate precursors were ground with silica and calcined at 500oC for 5 h). 
B) Cu(20)/CeO2  prepared using SBA-15 as the template without reflux process (the nitrate 
precursors were ground with silica and preheated at 70oC before calcination at 500oC for 5 h). 

 

Figure S4.15. TEM image of Cu(20)/CeO2 nanocast prepared using SBA-15 as the template via wet 
impregnation method using ethanol to dissolve the metal precursors. 

 

 

 

 

 

 

 

200 nm 



81 
 

Table S4.2. Physicochemical parameters of the different mesoporous mixed 
metal oxides derived from nitrogen physisorption measurements at -196oC 

Samples 
SBET 

a
 

(m2g-1) 

Vt 
b 

(cm3g-1) 

dNLDFT 
c

(nm)

Cu(20)/CeO2-SBA-15 199 0.63 11.6
NiFe2O4-SBA-15 187 0.73 7.0

CuFe2O4-SBA-15 191 0.69 8.1

   

Cu(20)/CeO2-KIT-6 195 0.71 16.0
NiFe2O4-KIT-6 191 0.58 8.1

CuFe2O4-KIT-6 188 0.58 9.1

   

Cu(20)/CeO2-MCM-48 219 0.57 9.4
NiFe2O4-MCM-48 250 0.32 2.6

CuFe2O4-MCM-48 296 0.52 3.6
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Résumé 

Dans ce chapitre, la performance des catalyseurs Cu/CeO2 et CuM/CeO2, préparés par 

nanocasting, est reportée dans le cas du procédé CO-PROX. Dans cette étude, des 

catalyseurs mésoporeux,  de composition variable, ont été synthétisés en utilisant un 

procédé amélioré à partir d’une matrice rigide, selon une méthode initialement développée 

par l'auteur. La taille des pores, la surface spécifique et la structure des pores ont été ajustés 

en changeant le type de silice mésoporeuse utilisé comme matrice rigide (par exemple, des 

silices KIT-6 mûries à des températures différentes, SBA-15 et des nanosphères de MCM-

48). Les oxydes métalliques ainsi synthétisés possèdent une surface spécifique élevée 

(jusqu'à 200 m2 g-1) et une taille de pores allant de 3 nm à 12 nm. La performance 

catalytique de ces matériaux est parmi les meilleures rapportée jusqu'à présent pour des 

catalyseurs à base de cuivre/oxyde de cérium pour la conversion du CO et la sélectivité du 

CO2 à basse température. L'influence de la nature de la mésostructure et de la composition 

sur la réductibilité et les propriétés catalytiques est également démontrée. 
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Abstract 

In this chapter, we report the catalytic performance in CO-PROX of Cu/CeO2 and 

CuM/CeO2 catalysts prepared by the nanocasting method. In this study, mesoporous 

catalysts with various compositions were synthesized using an improved hard templating 

method that we have developed in Chapter 4. The pore size, specific surface area, and pore 

structure were tailored by changing the type of mesoporous silica used as solid template 

(e.g., KIT-6 aged at different temperatures, SBA-15, and MCM-48 nanospheres). The 

resulting metal oxide materials possess a high surface area (up to 200 m2 g−1) and a pore 

size ranging from 3 nm to 12 nm. The catalytic performance of these materials is among the 

best reported thus far for copper/ceria-based catalysts with respect to the CO conversion 

and CO2 selectivity at low temperature. The effect of their mesostructure and composition 

on the reducibility and catalytic properties are also substantiated. 
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5.1. Introduction 

Hydrogen as the most efficient and cleanest energy source for fuel cell power is produced 

mainly by reformation of hydrocarbons, followed by the water gas shift reaction. The CO 

(0.5–2 %) present in the hydrogen stream must be selectively removed because CO is 

highly poisonous to the electrocatalyst in proton-exchange membrane fuel cells (PEMFCs). 

Preferential oxidation (PROX) of CO in excess H2 is therefore a key reaction for the 

practical use of H2 in PEMFCs.1,6,40,238-244 

Among the catalysts reported to be active for PROX, copper/ceria-based catalysts 

have been considered as promising candidates because of their low cost and high selectivity 

compared to catalysts based on gold or platinum. However, they usually only show 

noticeable activities above 100 °C, while the operating temperature of PEMFCs is around 

80 °C.6,238,239,245,246 Furthermore, the catalytic properties depend strongly on the preparation 

method and the CuO/CeO2 interfacial area. 6,51,238,239,245,246 Despite numerous studies about 

PROX catalysts, little is known concerning the influence of pore size and pore structure on 

the catalytic performance.239 Transition-metal oxides exhibiting mesoporous structures, for 

example, Co3O4 and CuO/Fe2O3, are active for CO oxidation at low temperature and show 

higher activity than the corresponding bulk materials.238,240,241,244 The high activity of 

mesoporous metal oxides was correlated to their ordered mesostructure and high surface 

area. 238,240,241,244 Hard templating is a method known to enable the synthesis of materials 

that possess a highly defined pore architecture and a very high surface area, thus leading to 

unique physicochemical properties.77,219,221,224,247-249 However, studies of surface redox 

reactivity and the confinement of reactions near to the surface owing to the dimension of 

the pores have been limited to a few compositions of catalysts for CO oxidation.240,241,244 

Herein, we report the catalytic performance in CO-PROX of Cu/CeO2 and CuM/CeO2 

(M = Fe, Cu) catalysts prepared by the nanocasting method.250 In this study, mesoporous 

catalysts with various compositions were synthesized using an improved hard templating 

method that we have developed in the previous chapter. The pore size, specific surface 

area, and pore structure were tailored by changing the type of mesoporous silica used as 

solid template (e.g., KIT-6 aged at different temperatures, SBA-15, and MCM-48 

nanospheres). The resulting metal oxide materials possess a high surface area (up to 200 
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m2 g−1) and a pore size ranging from 3 nm to 12 nm. The catalytic performance of these 

materials is among the best reported thus far for copper/ceria-based catalysts with respect to 

the CO conversion and CO2 selectivity at low temperature. The effect of their 

mesostructure and composition on the reducibility and catalytic properties are also 

substantiated. 

5.2. Results and discussion 

5.2.1. Structural properties of nanostructured Cu(Fe,Co)/CeO2 materials 

Mesoporous silica templates with different pore structures (KIT-6, SBA-15, and MCM-48) 

were synthesized according to the literature and details of synthesis was described in the 

Chapter 4.228-230 The pore size of the KIT-6 was varied by changing the aging temperature 

(40, 100, and 130oC).228,229 The nanocast catalysts were prepared by one-step-impregnation 

hard templating (see SI).  

 

Figure 5.1. TEM images of A) Cu(30)Ce-K40, B) Cu(30)Fe(20)Ce-K100, and C) Powder XRD 
patterns of the samples templated from KIT-6. 

The samples prepared from KIT-6 were labeled as Cu(x)CeM(y)-K-T, with T representing 

the aging temperature of KIT-6, x (x=10–30) and y (y=20) are nominal molar percentages 
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of Cu or M to Ce (M=Co or Fe), respectively. The samples using SBA-15 and MCM-48 

hard templates were denoted as Cu(x)Ce-SBA and Cu(x)Ce-MCM, respectively.  

Representative TEM images of the nanocast materials replicated from KIT-6 and 

SBA-15 templates confirm the long-range periodic order of the mesopores (Figure 5.1 A 

and B, and Figure S5.1 in SI). The TEM image of Cu/CeO2 replicated from MCM-48 

spheres clearly show the mesoporous spherical particle morphology. Mesoporosity was 

further confirmed by N2 adsorption–desorption measurements (Figure S5.2). All of the 

samples casted from SBA-15, as well as from KIT-6 aged at 100 and 130oC, showed type 

IV isotherms with a capillary condensation step above P/P0=0.4, which are rather typical 

for mesoporous metal oxide nanocasts.240,241,244,248 

Narrow pore size distributions were observed for all the samples except for Cu/CeO2 

produced from KIT-6-40. Pore-size analysis, obtained from the adsorption branch by 

NLDFT methods, indicated mesopores of approximately 5 nm for the products prepared 

from SBA-15, KIT-6-100, and KIT-6-130; the sample replicated from MCM-48 showed a 

smaller pore size of 2.6 nm. On the other hand, Cu(30)Ce-K40 exhibited additional pore-

size distributions at about 12 nm and 16 nm, which is rather similar to what is observed 

when metal oxides could grow randomly within one set of the pore system of the 

bicontinuous structure, possibly owing to low interconnectivity between the two 

subnetworks of mesopore channels in the parent KIT-6 silica aged at low 

temperature.224,244,247-249 Textural parameters of the mesoporous metal oxide samples are 

given in Table S5.1. Specific BET surface area, pore size, and pore volume of the nanocast 

Cu(30)Ce-K samples all decrease with higher aging temperature of the KIT-6 silica 

template. The samples prepared from cubic (Ia3d) KIT-6-100 and 2D hexagonal (p6mm) 

SBA-15 have the same pore size (≈5 nm), specific surface area (≈150 m2 g−1), and pore 

volume (≈0.3 cm3 g−1). In contrast, Cu(30)Ce-K40 and Cu(30)Ce-MCM have a noticeably 

higher surface area (≈200 m2 g−1), however the former has larger pore size and higher pore 

volume. Note that variation in copper content and additional incorporation of Co or Fe 

dopants have a minor effect on surface area and pore volume of the nanocast products. 

However, such differences in composition also have a significant impact on the reducibility 

and catalytic properties for CO-PROX (see below). 
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The excellent mesostructure order of the mesoporous metal oxides was also 

demonstrated by low-angle XRD patterns (Figure 5.1 C and Figure S5.3). All the patterns 

exhibit a main strong peak at low 2θ value, which could be indexed to the (211) and (100) 

reflections of the Ia3d and p6mm symmetries, respectively. The d values calculated from 

the (211) reflection of the cubic mesophase are 8.11, 8.84, and 9.71 nm, corresponding to 

unit-cell parameters (ao) of 19.9, 21.7, and 23.8 nm for the mesoporous Cu(30)Ce samples 

derived from KIT-6 aged at 40, 100, and 130oC, respectively. The crystalline nature of the 

walls of the mesoporous materials was confirmed by wide-angle PXRD analysis (Figure 

5.1 C and Figure S5.4), which reveals peaks corresponding to the pure face-centered-cubic 

(fcc) structure of CeO2. The absence of other oxide phases of copper, cobalt, or iron 

suggests that these metal species are highly dispersed or incorporated in the ceria lattice.  

5.2.2. Elemental analyses of nanostructured Cu(Fe,Co)/CeO2 materials 

The quantification of bulk and surface composition was carried out by AAS and XPS 

(Table S5.2). The remaining Si content determined by AAS is about 3.5 wt % in all 

samples. It is likely that ceria-bound Si species could not be totally removed in the presence 

of Si-O-Ce bonds (isolated SiO2 is readily dissolved with NaOH), which is consistent with 

other reports on the preparation of CeO2 using silica template.251 Surface Cu/Ce ratios in 

the samples were 2.1–2.8 times higher than the respective Cu/Ce ratios in the bulk. This 

result confirms the surface enrichment with Cu and its high dispersion, in agreement with 

the elemental EDX mapping (Figure S5.5) and XRD results. From the XPS spectra (Figure 

S5.6), it is apparent that most Cu present in these samples is in +1 oxidation state, owing to 

the presence of low Cu 2p3/2 binding energy (932 eV) and the absence of shake-up peaks 

that are characteristics of Cu2+ at 939–944 eV.51,246 Cerium species in all of the samples 

seem to be mostly in a +4 oxidation state. These observations are indicative of a redox 

equilibrium (Cu1++Ce4+ → Cu2++Ce3+), which has been claimed to be the source of a 

synergetic effect on catalyst reducibility.51,245,246 These results prove that the copper species 

are well dispersed and in close contact with ceria. 
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5.2.3. Temperature programmed reduction studies 

Temperature-programmed reduction by H2 (H2-TPR) of pure CeO2 and metal-doped CeO2 

samples were performed to investigate reducibility characteristics of the catalysts (Figure 

5.2). Two broad peaks appear at about 582 and 781oC for pure CeO2, belonging to the 

reduction of surface and bulk ceria, respectively.252 Bulk CuO shows a single reduction 

peak at 320oC. For Cu(x)Ce-K100 materials, hydrogen consumption can roughly be divided 

in two reductive peaks (denoted as α and β), which can be attributed to the reduction of 

well-dispersed surface copper species and copper in the ceria lattice, respectively, at 

noticeably lower temperature compared to the bulk oxide.51,245,246,252,253 With an increase of 

the Cu content from 10 to 30 %, the temperature of the α peak decreases slightly and the 

associated H2 consumption increases from 0.21 to 0.5mmol per gram of catalyst, reflecting 

higher amount of the most reducible Cu species on the surface. The β peak position drops 

strongly from 321 to 223oC, and the total H2 consumption below 400oC increases from 0.78 

to 1.65 mmol g−1 with increasing Cu content.  

 

Figure 5.2. H2-TPR profiles of the compositions replicated from A) KIT-6-100 and B) Cu(30)Ce 
from different mesoporous silica templates. 

Note that the total H2 consumption always surpasses the amount needed to totally 

reduce Cu+/2+ species into Cu0, which implies that some of Ce4+ ions are also reduced at 

lower temperature along with reduction of Cu+/2+. Indeed, the H2-TPR results demonstrate 

that there is a strong interaction between copper and cerium species. Doping of Co or Fe 

into the copper/ceria structure leads to higher H2 consumption (Table S5.3), and an 
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additional peak appears at 489oC in the case of the Fe incorporation. Moreover, Figure 

5.2 B shows the H2-TPR profiles of the Cu(30)Ce materials nanocast from different 

mesoporous silica templates. These samples have similar content and segregation of Cu 

species. The Cu(30)Ce-MCM has the smallest pore size (≈2.6 nm), but higher H2 uptake for 

the α peak compared to those of the Cu(30)Ce-K130 and Cu(30)Ce-SBA samples, which 

have a larger pore size (≈4.9 nm), probably because of the higher surface area of the 

Cu(30)Ce-MCM sample. For Cu(30)Ce-K samples, the total H2 consumption below 400oC 

and the temperatures of the α peaks are the same, while the β peak shifts to lower 

temperature with decreased aging temperature of the KIT-6 templates. Notably, the H2 

uptake at the α peaks is 0.36, 0.52, and 0.94 for the samples prepared from KIT-6 templates 

aged at 130, 100, and 40oC, respectively, thus suggesting that the catalysts become more 

reducible with lower aging temperature of the parent silica template. Thus, these results 

evidence that both the composition and textural parameters of the catalysts have 

pronounced effects on their reducibilities. In addition, contributions of other effects, such as 

differences in Cu dispersion in CeO2 originating from variation in silanol densities in the 

silica hard templates, which could play a role in the process of nanocasting (templates aged 

at varying temperatures), cannot be excluded.  

5.2.4. Raman spectroscopy analyses 

Oxygen vacancies are believed to play an important role in CO oxidation and can be 

considered as an indicator for promotion of the reaction.51,246 Direct evidence of oxygen 

vacancies and defects can be provided by Raman spectroscopy, as they cause changes in 

the vibrational structure of the ceria lattice. As shown in Figure 5.3 and Figure S5.7, for 

pure CeO2, a broad band with high intensity at 462 cm−1 is assigned to the F2g vibration 

mode of the CeO2 lattice. The bands at 580 and 1160 cm−1 can be ascribed to the presence 

of oxygen vacancies and defects in the CeO2 lattice.7 The Raman spectra of copper/ceria 

samples exhibit an increase in intensity of the band at 1160 cm−1, while the F2g vibration 

band shifts from 462 to 446 cm−1 and becomes broader and partially overlaps with the band 

at 580 cm−1. The reason for these features could be the presence of oxygen vacancies, 

which are related to structural defects generated by incorporation of heterovalent 

atoms.201,203-205 These observations made by Raman spectroscopy agree well with the above 
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conclusions concerning reducibility and correlation with the textural characteristic of the 

catalysts. The increase in copper content, surface area, and pore size leads to higher number 

of oxygen vacancies and increased reducibility. Here, oxides with 3D cubic pore structure 

seem to exhibit more oxygen vacancies and higher reducibility than the analog with 2D 

hexagonal pore structure. This result could tentatively be correlated to the continuous pore 

structure of the cubic mesophase possibly associated to subtle variations in wall thickness 

of the different replicas. 

 

Figure 5.3. Raman spectra of the nanocast mixed oxide samples with various compositions and 
structures. 

5.2.5. Catalytic performance of Cu(Fe,Co)/CeO2 catalysts in CO-PROX 

process 

The corresponding activity and selectivity for CO-PROX of all the samples, plotted as 

function of temperature, are given in Figure 5.4 and Figure S5.8. The light-off temperature 

of CO (T50) decreases in the following order for copper/ceria catalysts: Cu(10)Ce-

K100>Cu(20)Ce-K100>Cu(30)Ce-K130>Cu(30)Ce-SBA>Cu(30)Ce-MCM>Cu(30)Ce-

K100>Cu(30)Ce-K40, in accordance with the evolutions in oxygen vacancies and 

reducibility. Especially, a complete CO conversion with 100 % selectivity was achieved at 

around 40oC in the case of Cu(30)Ce-K40, which is thus among the most active 

copper/ceria catalysts reported to date. Considering the low temperature, this material 

might also be exploited for practical application in gas sensors or breathing-protection 
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masks. Furthermore, the incorporation of 20 % Fe extends the full CO conversion (80–

160oC) and improves selectivity to CO2, while Co incorporation does not provide 

substantial improvement. Further studies will be necessary to clarify the origin of the 

impact of the Fe and Co doping. Note that the stability of the catalyst was verified for the 

example of Cu(30)Ce-K100, and only a slight deterioration of the catalytic performance 

was found after three cycles. 

 

Figure 5.4. Conversion and selectivity as a function of temperature for CO-PROX over the 
nanocast catalysts (1.64 % CO, 1.62 % O2, 90.25 % H2, balance He, space velocity: 37 l h−1 g−1). 

5.3. Conclusions 

In summary, we have shown that highly active and selective mesoporous copper/ceria 

catalysts with tailored compositions and textural parameters can be obtained through 

nanocasting using mesoporous silica phases as hard templates. The products are promising 

materials for application as CO-PROX catalysts or as gas sensors. In addition to the role of 

composition and specific surface area, the reducibility and catalytic performance are also 

influenced by structural parameters such as pore size and pore structure. This study 

demonstrates that a fine control over nanoscale structural features offers new perspectives 

for catalyst design. In the current chapter, we have developed efficient catalysts for CO-

PROX in order to purify hydrogen fuel. Concerning the critical issue of hydrogen storage, 
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the next two chapters will focus on the study of the catalytic properties of bimetallic CuNi 

catalysts for hydrogen generation from ammonia-borane and hydrous hydrazine. 
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5.4. Experimental section 

5.4.1. Synthesis of nanocast mixed metal oxides 

For the preparation of the nanocast metal oxides, preground nitrate salts (2.75 g) in desired 

proportions (Cu(NO3)2⋅3 H2O, Ce(NO3)3⋅6 H2O, Co(NO3)2⋅6 H2O, Fe(NO3)3⋅9 H2O) were 

mixed and ground with the silica template (1g, pretreated in vacuum at 150oC for 2 h) in an 

agate mortar in the presence of n-hexane (10 ml). Metal precursors (1.5 g) were used in the 

case of KIT-6 aged at 40oC as the template. The resulting homogeneous mixture was 

subsequently dispersed in n-hexane (30 ml) and heated to reflux (80oC) for 20 h. After 

filtration, the samples were dried at 70oC for 24 h, and calcined under air at 500oC for 5h. 

The silica template was then removed by treatment with NaOH (1-2M) solution at room 

temperature. Finally, the resulting Cu/CeO2 or CuM/CeO2 powders were washed with 

water and ethanol, and then dried at 70oC. 

5.4.2. Catalyst Characterization  

The chemical composition of the samples was analyzed by atomic absorption (AAS) on a 

M1100B Perkin-Elmer atomic absorption spectrophotometer. The Raman spectra were 

recorded at 22.0 ± 0.5oC using a LABRAM 800HR Raman spectrometer (Horiba Jobin 

Yvon,Villeneuve d’Ascq, France) coupled to an Olympus BX 30 fixed stage microscope. 

The excitation light source was the 514.5 nm line of an Ar+ laser (Coherent, INNOVA 70C 

Series Ion Laser, Santa Clara, CA). The laser beam was focused using a 100× objective, 

generating intensity at the sample of approximately 5 mW. The confocal hole and the 

entrance slit of the monochromator were fixed at 600 and 200 μm, respectively. Data were 

collected by a one-inch open electrode Peltier-cooled CCD detector (1024 × 256 pixels). 

Temperature-programmed reduction experiments were performed on RMX-100 instrument. 

Each sample (20mg) was pretreated at 500oC for 1h at ramping rate of 10oC/min under 20% 

O2 balanced  with He (10 ml/min) and TPR was then performed under H2 (5% balanced in 

Ar) at ramping rate of 5oC/min. Other characterization techniques (e.g. TEM, XRD, N2 

physical adsorption) were performed as described in Chapter 4. 
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5.5. Supporting information 

 

Figure S5.1. Representative TEM images of the nanocast mixed oxides prepared from different 
mesoporous silica templates: (A) Cu(30)Ce-K100, (B) Cu(30)Co(20)Ce-K100, (C) Cu(30)Ce-MCM 
and (D) Cu(30)Ce-SBA (JEOL JEM 1230 operated at 120 kV). 

Table S5.1. Physicochemical parameters of the different mesoporous mixed 
metal oxides derived from nitrogen physisorption measurements at -196oC. 

Samples SBET 
a

 

(m2g-1) 

Vt 
b 

(cm3g-1) 

dNLDFT 
c 

(nm) 

Cu(10)Ce-K100 151 0.39 4.9 
Cu(20)Ce-K100 139 0.30 4.9 

Cu(30)Ce-K100 146 0.30 4.9 

Cu(30)Ce-K40 197 0.90 7/12 

Cu(30)Ce-K130 126 0.21 4.9 

Cu(30)Ce-SBA 154 0.29 4.9 

Cu(30)Ce-MCM 200 0.20 2.6 

Cu(30)Fe(20)Ce-K100 153 0.26 4.9 

Cu(30)Co(20)Ce-K100 162 0.24 4.9 
a SBET, apparent BET specific surface area deduced from the isotherm analysis in the relative 
pressure range from 0.05 to 0.20; b Vt, total pore volume at relative pressure 0.95; c dNLDFT, 
pore diameter calculated from the adsorption branch (NLDFT kernel of metastable 
adsorption isotherms). 

 

100 nm 100 nm

100 nm 100 nm

A B

C D
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Figure S5.2. N2 adsorption-desorption isotherms at -196oC (left) and respective NLDFT pore size 
distributions (right) deduced from the adsorption branch for the nanocast mixed metal oxides (as 
indicated) (ASAP 2010). 
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Figure S5.3. Low-angle XRD patterns for the mixed metal oxides prepared in this work using 
different mesoporous silicas as the templates (as indicated) (Bruker SMART APEXII X-ray 
diffractometer with a Cu Kα radiation). 

 

Figure S5.4 Wide-angle powder XRD patterns of nanocast mixed metal oxides prepared using 
different mesoporous silicas as templates (as indicated) (Bruker SMART APEXII X-ray 
diffractometer with a Cu Kα radiation). 
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Figure S5.5. EDX mapping of the samples: (A) Cu(30)Ce-K100, (B) Cu(30)Fe(20)Ce-K100, (C) 
Cu(30)Co(20)Ce-K100. 

Table S5.2. Nominal and actual molar ratio of Cu/Ce of the prepared composite 
oxides 

Samples Cu/Ce 
nominal ratio 

Cu/Ce actual 
ratio in the bulk 

Cu/Ce 
surface ratio  

Cu(10)Ce-K100 0.10 0.11 0.28 

Cu(20)Ce-K00 0.20 0.19 0.53 

Cu(30)Ce-K100 0.30 0.30 0.63 

Cu(30)Ce-K40 0.30 0.28 0.63 

Cu(30)Ce-K130 0.30 0.31 0.69 

Cu(30)Ce-SBA 0.30 0.29 0.65 

Cu(30)Ce-MCM 0.30 0.27 0.61 

Cu(30)Fe(20)Ce-K100 0.30 0.29 0.70 

Cu(30)Co(20)Ce-K100 0.30 0.30 0.82 
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Figure S5.6. Cu2p (A) and Ce3d (B) XPS spectra of the prepared catalysts (the spectra are 
normalized by their peak intensity and energy corrected for adventitious carbon at 284.6 eV). 
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Table S5.3. H2 consumption of prepared nanocast mixed oxides 

Sample H2 consumption of the 
peak α (mmol/g) 

Total H2 consumption 
below 400oC (mmol/g) 

Cu(10)Ce-K100 0.21 0.99 

Cu(20)Ce-K100 0.27 1.62 

Cu(30)Ce-K100 0.52 2.15 

Cu(30)Ce-K40 0.94 2.17 

Cu(30)Ce-K130 0.36 2.16 

Cu(30)Ce-SBA 0.35 2.08 

Cu(30)Ce-MCM 0.50 1.77 

Cu(30)Co(20)Ce-K100 0.59 2.42 

Cu(30)Fe(20)Ce-K100 0.43 2.24 

 

Figurre S5.7. Raman spectra of the nanocast metal oxides samples with various compositions and 
structures (as indicated). 
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Figure S5.8. Conversion and selectivity as function of temperature over the nanocast samples 
Cu(10)Ce-K100 and Cu(20)Ce-K100. 
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Résumé 

Les matériaux pour le stockage d'hydrogène, en particulier les composés B-N comme le 

borazane (ammoniaborane, AB), avec une capacité de stockage potentielle de 19,6 % 

massique de H2 et 0,145 kgH2 l-1 ont été considérés comme des solutions possibles pour 

aborder les problèmes de stockage de H2. Dans ce travail, des performances catalytiques 

extrêmement élevées sont reportées, avec des catalyseurs CuO-NiO facilement préparés, 

pour l'évolution de H2 à partir du borazane en solution aqueuse. Ces catalyseurs à base de 

métaux non nobles peuvent être synthétisés soit par le simple traitement thermique d'un 

mélange des précurseurs métalliques, soit par le biais d'une méthode améliorée de 

nanocasting. Ce travail démontre clairement que les précurseurs métalliques, leur 

composition et les conditions de traitement thermique ont une influence importante sur 

l'interaction synergique existant entre les espèces Cu et NiO, ce qui est déterminant dans 

l'accélération de l'évolution d'hydrogène partir de AB. Par conséquent, cette découverte met 

en évidence que des combinaisons de métaux non nobles peuvent fournir des approches 

viables pour le développement de nouveaux catalyseurs utiles. 
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Abstract 

Chemical hydrogen storage materials, in particular B–N compounds such as ammonia-

borane (AB) with a potential storage capacity of 19.6 wt% H2 and 0.145 kgH2 l−1, have been 

regarded as potential solutions for addressing H2 storage issues. In this work, we report the 

exceedingly high catalytic performance of easily prepared bi-component CuO–NiO 

catalysts for the H2 evolution from ammonia-borane in aqueous solution. These non-noble 

metal catalysts could be synthesized either by simple thermal treatment of a physical 

mixture of the metal precursors or through an improved hard templating method. This work 

clearly shows that metal precursors, composition, and heat treatment conditions have a 

profound influence on the synergetic interaction existing between Cu species and NiO, 

which is decisive in accelerating the hydrogen evolution of AB. Therefore, the present 

finding demonstrates that combinations of non-noble metals can provide viable approaches 

for the development of practical catalysts. 
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6.1. Introduction 

Hydrogen is considered to be the best alternative to hydrocarbon fuels due to its high 

energy content and environmentally benign nature. However, safe storage of H2 for 

controlled delivery is still a major hurdle for its widespread usage.7,8,254 Ammonia borane 

(H3N-BH3, AB) is a particularly appealing molecule for chemical hydrogen storage 

applications owing to its high gravimetric capacity of H2 (theoretical 19.6 wt%), good 

stability and solubility in relatively polar coordinating solvents under ambient conditions. 

Catalytic hydrolysis, which can in theory produce 3 mol of H2 per mol of AB (as shown in 

eq (6.1)), is an effective approach for the release of H2 stored in AB.10-12,255 

H3NBH3 + 2H2O → NH4
+ + BO2

− + 3H2 (6.1) 

Thus, finding cost effective and highly efficient catalysts for this reaction is of 

extreme significance to make the AB complex a practical H2 storage medium.9,12,254 

Although rapid hydrogen generation has been achieved using noble metal catalysts (such as 

Pt, Ru, and Rh), there is a high demand for cheaper and abundant non-noble transition 

metal catalysts exhibiting high activity.32,36,256,257 However, a problem of the non-noble 

transition metals is the instability of their low valence states,258-261 which are the required 

active states for hydrolysis of AB. Therefore, reductive pre-treatment, storage under an 

inert atmosphere and/or use of protective agents are nearly unavoidable before application 

to attain an effective catalyst.43,46,47,258 Nevertheless, among transition metal oxides, copper 

oxides were reported to be catalysts operating in AB hydrolysis without the need for a 

reductive pre-treatment. However, Cu containing catalysts are found to be modestly active 

and the agglomeration of Cu metal species, which are formed under reductive reaction 

conditions, decreases drastically the catalytic activity.259-265 Therefore, facile preparation of 

highly active Cu-based catalysts is of great practical and scientific interest. Furthermore, it 

is well-documented that the performance of a solid catalyst is strongly correlated with its 

surface properties and cooperative synergetic effects between Cu species and an oxide 

support can possibly endow mixed hybrid (Cu/oxide) catalysts with enhanced catalytic 

activity and selectivity.266,267 

Herein, we report the superior catalytic performance in AB hydrolysis of bi-

component CuO–NiO catalysts which could be prepared either by simple thermal treatment 
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of a physical mixture of the metal precursors or through an improved hard templating 

method.250 We show that metal precursors, composition, and heat treatment conditions have 

a profound influence on the synergetic interaction existing between Cu species and NiO, 

which is decisive in accelerating the hydrogen evolution of AB. Hydrolysis completion 

could be achieved in 2 min in the case of the optimal catalyst Cu0.5Ni0.5 obtained by 

nanocasting, with an initial turnover frequency (TOF) value of 3600 h−1 under ambient 

conditions, which is the highest value reported thus far among all of the non-noble metal-

based catalysts for this reaction. Moreover, kinetics of hydrolysis and reducibility of the 

prepared catalysts were also substantiated. 

6.2. Experimental section 

6.2.1 Synthesis of CuO–NiO catalysts 

Briefly, for the preparation of the nanocast metal oxides, 3 g of pre-ground nitrate salts in 

desired proportion (Cu(NO3)2·3H2O, Ni(NO3)3·6H2O) was mixed and ground with 1 g of a 

mesoporous silica KIT-6 template228,229 (pre-treated under vacuum at 150oC for 2 h) in an 

agate mortar in the presence of 10 ml of cyclohexane. The resulting homogeneous mixture 

was subsequently dispersed in 30 ml of cyclohexane and refluxed at 85oC for 20 h. After 

filtration, the samples were dried at 45oC for 24 h, and calcined under air at 400oC (heating 

rate of 1oC min−1) for 5 h. The silica template was then removed by treatment with 0.7 M 

NaOH at room temperature 3 times for 24 h. Finally, the resulting CuO–NiO mixed oxide 

powders were washed with water and ethanol, and then dried at 70oC. For the preparation 

of thermally decomposed materials, 3 g of nitrate or chloride metal precursors in desired 

proportions were ground in an agate mortar and then the mixture was thermally 

decomposed in a muffle furnace at targeted temperature in air for 5 h with a ramping rate of 

1oC min−1. The samples prepared from nitrate precursors were labelled as CuxNiy-T, with T 

representing the heat treatment temperature, x and y are the nominal molar percentages of 

Cu and Ni, respectively. The sample prepared via nanocasting was designated as CuxNiy-T-

NC. The Cu0.5Ni0.5-400-IM sample was prepared by incipient wetting of an aqueous 

solution of copper nitrate on preformed NiO-400 followed by thermal decomposition at 

400oC. 
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6.2.2 Catalyst characterization 

Structure analyses (XRD and TEM) 

TEM images and XRD patterns were obtained as described in the Chapter 4. 

Elemental and surface analyses (AAS and XPS) 

The chemical composition of the samples was analyzed by atomic absorption (AAS) on a 

M1100B Perkin-Elmer atomic absorption spectrophotometer. Samples for AAS 

measurements were prepared by dissolving catalysts (10 mg) in aqueous HCl solution (50 

ml, 10 wt%) at 363 K and then diluting in DI water. Cu standards of 2 ppm and 4 ppm and 

Ni standards of 1 ppm and 2 ppm were used. Weight percentages were obtained from 

concentration measurements (wavelengths of 324.8 nm and 232 nm for Cu and Ni, 

respectively) and atomic percentages were calculated using the stoichiometry. The XPS 

measurements were carried out on an AXIS-ULTRA instrument by KRATOS (UK). The 

X-ray source is a monochromatic Al source operating at 300 watts. Survey scans were 

recorded with a pass energy of 160 eV and a step size of 1 eV. High energy resolution 

spectra were used for chemical analysis. They were recorded at 20 eV or 40 eV pass energy 

and a step size of 0.05 eV or 0.1 eV, depending on the amount of each element. Calculation 

of the apparent relative atomic concentrations was performed with the CasaXPS software, 

using relative sensitivity factors for Cu 2p3/2 and Ni 2p3/2. 

Specific surface area determination 

N2 adsorption–desorption isotherms of the samples were measured at −196oC using a 

Quantachrome Autosorb-1MP instrument. Prior to measurement, the samples were 

outgassed at 150oC for 7 h under turbomolecular pump vacuum. The Brunauer–Emmett–

Teller (BET) equation was used to calculate the specific surface area, SBET, from adsorption 

data obtained at P/P0 between 0.05 and 0.2. 

Temperature-programmed reduction (H2-TPR) 

TPR experiments were performed on an RMX-100 instrument. In a typical test, a 10 mg of 

catalyst was loaded in the middle of a quartz tubular reactor, with quartz wool supports on 

both sides. The catalyst was cleaned in helium flow and TPR was then performed under H2 

(5% balanced in Ar) with a flow rate of 10 ml min−1 and a ramping rate of 5oC min−1. 
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6.3. Results and discussion 

6.3.1. Structural characterization of bicomponent CuNi catalysts 

All the samples prepared by simple thermal decomposition of the nitrate salts at different 

temperatures show polyhedral shape and the particle size distribution ranged from 50 to 

200 nm, as shown in Figure 6.1a and S6.1, (SI). 

 

Figure 6.1. TEM images of (a) Cu0.5Ni0.5-400 and (b) Cu0.5Ni0.5-400-NC samples. 

The mesoporous structure of the nanocast Cu0.5Ni0.5-400-NC replicated from 

mesoporous KIT-6 silica was confirmed by TEM observations (Figure 6.1b and S6.1, SI). 

Figure 6.2 and S6.2, SI show the powder X-ray diffraction (XRD) patterns of both the 

thermal and the nanocast products for various compositions obtained within the range of 

400–600oC. The diffractograms of Cu0.1Ni0.9-400 and Cu0.25Ni0.75-400 consist mainly of 

peaks associated with the NiO cubic rock-salt phase, indicating that CuO is soluble in NiO 

and forms a cubic rock-salt solid solution, with a general formula corresponding to 

CuxNiyO. At the Cu:Ni ratio = 0.5:0.5, NiO and/or CuxNiyO appear as the main phase and a 

fraction of CuO is observed as a segregated phase. At copper-rich composition, i.e. 

Cu0.75Ni0.25, monoclinic CuO exists as the major phase beside the cubic structure of NiO as 

a minor phase. We observed that the maximum copper concentration that could be obtained 

for the solid solution is Cu0.25Ni0.75 with negligible phase segregation. Note that, this range 

associated with the formation of the solid solution is compatible with previously reported 

data.268-270 However, in our case, a slight shift of the position of the (111) reflection to 

lower 2-theta was observed, this deviation being the highest in the case of Cu0.5Ni0.5. In 

addition, when comparing the diffraction peaks corresponding to the (111) and (200) planes 

of the single NiO and the mixed CuO–NiO oxide samples, it is observed that both the (200) 
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peak broadening and the relative I(111)/I(200) integrated intensity ratio are greater in the 

binary oxides than in the single NiO oxide, and these differences are the most pronounced 

for Cu0.5Ni0.5 calcined at 400oC. This finding may be resulting from the substitution of 

some Ni2+ (0.69 Å) by Cu2+ having slightly larger radius (0.73 Å) and distortion of the 

cubic rock-salt matrix upon formation of new phases, CuxNiyO (e.g., CuxNi1−xO, NiCuO2, 

Ni2CuO3).  

 

Figure 6.2. Wide-angle powder XRD patterns of the single and mixed oxide samples of various 
compositions, as indicated. 

Here, the driving force of this structural distortion can arise from the accommodation 

of the Jahn–Teller distortion of the Cu2+ site symmetry, from octahedral to semi-square 

planar, and a distortion of the Ni2+ site from its ideal octahedral coordination; this distorted 

structure would induce local strain around the Cu-rich planes.269 The shift of the Bragg 

peaks reflects a significant change in the lattice parameters and inter-atomic distances. This 

is known to potentially have a significant impact on the electronic structure, and affect the 

adsorptive and catalytic properties of a material.69,195,271 

The position of the (111) plane and relative peak intensities are almost unchanged for 

Cu0.5Ni0.5 heated at 400 and 500oC. However, the sample calcined at 600oC shows less 

pronounced deviations in the XRD reflections compared to NiO, which is consistent with 

an enhanced segregation between CuO and NiO phases occurring at higher annealing 

temperatures. For the samples obtained by thermal treatment of the salts at 400 or 500oC, 
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the crystallite size associated with the CuO phase and that of NiO and/or CuxNiyO solid 

solution are found to be around 40 and 24 nm, respectively, as estimated using the Scherrer 

equation. The NiO crystallite size is only slightly increasing up to 30 nm when calcined at 

600oC. The less intense and broader diffraction peaks in the XRD pattern of the nanocast 

product indicate that this sample consists of smaller crystallites due to limited crystal 

growth in the confined space of the silica nanopores.248,250,267 

The textural parameters of all the oxide samples under study are given in Table S6.1, 

SI. The samples obtained by thermal treatment of nitrate metal salts show low specific BET 

surface area (~10 m2 g−1), whereas the nanocast sample has noticeably higher surface area 

(~73 m2 g−1). Variations in composition and thermal decomposition temperature have 

minor effects on the BET specific surface area of the products.  

6.3.2. Composition and temperature programmed reduction analyses 

Quantification of bulk and surface composition was carried out by atomic absorption 

spectroscopy (AAS) and X-ray photoelectron spectroscopy (XPS), respectively (Table 

S6.2). Surface Ni enrichment is observed for all the binary CuO–NiO samples, irrespective 

of the mixture composition or synthesis conditions. From the XPS spectra (Figure S6.3a, 

SI), it is apparent that most Cu present in the samples is in +2 oxidation state owing to the 

occurrence of high Cu 2p3/2 binding energy (933.5 eV) and the presence of strong shake-up 

peaks characteristic of Cu2+ at 939–944 eV.195,260,261,265 However, it could be possible that 

some of the Cu in the mixed oxide catalysts is in +1 oxidation state, as both 2p3/2 and 2p1/2 

peaks are slightly broadened towards lower binding energies. The Ni 2p spectra (Figure 

S6.3b, SI) of the catalysts displayed two peaks. A lower binding energy peak at 853.3 eV is 

attributed to Ni2+ in NiO and the higher binding energy peak at 855.5 eV is assigned to 

surface hydroxyl groups (e.g., Ni–OH) most likely originating from interactions between 

the oxide surface and ambient water vapor,272,273 and, in the case of the nanocast, such 

hydroxyl groups could also be formed during template removal followed by washing. 

Investigation of the reducibility of the mixed CuO–NiO oxides can provide evidence of the 

intimate interactions between the metals in these hybrids, which is critical for the catalytic 

properties. To do so, H2 temperature-programmed reduction (H2-TPR) of single and binary 

Cu0.5Ni0.5 oxides was performed (Figure 6.3 and S6.4, SI). In these experiments, the onset 
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temperature of the reduction process, Tonset, can be taken as an indicator that reflects the 

most reducible metal species present in the catalyst. The TPR profiles of bulk CuO and NiO 

show Tonset at 250 and 270oC, with the prominent reduction peaks centred at 300 and 350oC, 

for the two oxides, respectively. This suggests that CuO is more readily reduced than NiO. 

The lower Tonset for mixed Cu0.5Ni0.5 oxides compared to that of single CuO and NiO oxides 

corroborates the presence of an intimate interaction between the metals, thus enhancing the 

reducibility of both Cu and Ni species. Moreover, the temperatures of the onset and 

completion of the reduction process are approximately 25oC and 85oC lower for the 

Cu0.5Ni0.5-400-NC nanocast sample compared to Cu0.5Ni0.5-400, which we attribute 

essentially to the high surface area and nanocrystalline nature of the former. With an 

increase of the annealing temperature from 400 to 600oC, both the Tonset and the maximum 

temperature for reduction increase (Figure S6.4), indicative of a lower reducibility of the 

metal species most likely due to the higher degree of crystallinity and segregation of oxide 

phases, as also evidenced by XRD. 

 

Figure 6.3 H2-TPR profiles of CuO, NiO and Cu0.5Ni0.5 samples. 

The above XRD and H2-TPR results demonstrate that there is a strong synergistic 

interaction between copper and nickel species existing in the NixCuyO solid solution which 

facilitates reduction of both copper and nickel and can therefore have a beneficial influence 

on the catalytic H2 evolution from ammonia borane (vide infra). 
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6.3.3. Catalytic properties in hydrogen evolution from ammonia-borane 

6.3.3.1. Effects of composition and structure 

The catalytic performance of the catalysts toward hydrolytic dehydrogenation of the AB 

complex was evaluated on the basis of the amount of H2 gas released, which is measured 

volumetrically during reaction using a typical water-filled scaled burette system. The as-

synthesized catalysts were tested without any reductive pre-treatment. Figure 6.4 and S6.5 

(SI) show plots of H2 generated against time during catalytic hydrolysis of AB at 25oC over 

catalysts of different compositions. It can be seen that CuO exhibits some noticeable 

activity in this reaction, while NiO exhibits almost no catalytic activity towards the 

hydrolysis of AB within 100 min. Interestingly, the hydrogen release in the presence of 

binary CuO–NiO oxides is significantly accelerated. Such an improvement of the catalytic 

activity of binary CuO–NiO oxides in comparison to the individual counterparts 

corroborates a cooperative/synergetic effect25 between the Cu and Ni species. 

 

Figure 6.4. Plots of time vs. volume of H2 generated from the hydrolysis of AB catalyzed by binary 
CuO–NiO oxides with different compositions. (H3NBH3 = 1.48 mmol, catalyst = 10 mg, H2O = 10 
ml, T = 25oC). 

Sample Cu0.5Ni0.5-400 is the most active catalyst for AB hydrolysis with a completion 

time of 7 min, whereas it takes almost three to six times as long for either the copper-rich 

(Cu0.75Ni0.25-400, Cu0.9Ni0.1-400) or the nickel-rich (Cu0.25Ni0.75-400, Cu0.1Ni0.9-400) 

compositions. In an attempt to correlate catalytic activity, composition and structure 
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parameters, the d-spacing value of the (111) reflection and the hydrogen generation rate 

were plotted as functions of catalyst composition, as depicted in Figure S6.6. This graph 

shows a volcano hill-type behavior, indicating a maximum in the normalized production 

rate and lattice expansion for the sample with a composition of Cu0.5Ni0.5. The catalytic 

activity of Cu0.5Ni0.5-500 is almost identical to that of Cu0.5Ni0.5-400, however the sample 

annealed at higher temperature, Cu0.5Ni0.5-600, exhibits a dramatically reduced activity with 

only 75% of the stoichiometric amount of H2 evolved within 40 min (Figure S6.7). Such a 

sharp drop in the catalytic activity observed over Cu0.5Ni0.5-600 may be due to the 

degradation of the solid solution phase upon heating at 600oC, ultimately yielding 

segregated copper oxide and nickel oxide phases, as judged from the XRD results. 

Since Cu0.5Ni0.5-400 exhibits the highest hydrolysis activity among all the hybrid 

systems prepared, the nanocasting method was implemented to synthesize this composition 

with high specific surface area (sample Cu0.5Ni0.5-400-NC). Impressively, with such high 

surface area (73 m2 g−1) and the optimum Cu0.5Ni0.5-400-NC composition, the hydrolysis of 

AB is completed within only 2 min. The TOF value achieved is 3600 h−1 (mol of H2 per 

mol of Cu per hour) for Cu0.5Ni0.5-400-NC, while it is 1080 h−1 for Cu0.5Ni0.5-400. This 

value is among the highest values reported thus far in the hydrolysis of AB using Cu-based 

catalysts, as well as other non-noble metal-based systems (see Table S6.3).43,46,47,258-264 

Furthermore, an induction time as short as 30 s was observed for both materials obtained by 

thermal decomposition (Cu0.5Ni0.5-400) and nanocasting (Cu0.5Ni0.5-400-NC) in the first 

catalytic cycle at a reaction temperature of 25oC, which is much faster than the best copper-

based catalyst ever reported,259-262,264 thus reflecting fast activation of the catalyst. In AB 

hydrolysis, the formation of an activated complex is usually postulated through the 

interaction of an AB molecule with the surface of the solid catalyst, which then dissociates 

upon attack of a water molecule, releasing hydrogen.257 In our case, we may speculate that 

the greater activity of the Cu0.5Ni0.5 systems could originate from the presence of copper 

surface sites in the copper–nickel solid solution which favor formation of the activated 

complex with AB more readily than other Cu species reported previously. Considering the 

poor catalytic performance of individual components, where NiO is inactive and CuO 

exhibits low activity towards catalytic hydrolysis of AB, a synergetic interaction between 

copper and nickel in solid solution seems to be the key towards a significant enhancement 
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of catalytic activity for AB hydrolysis. It is thus plausible that occurrence of intermetallic 

electronic interactions in the distorted cubic rock-salt structure of the copper–nickel solid 

solution induces modification of the catalyst surface, and consequently, significantly tunes 

the reducibility of the catalyst as well as the interaction between the catalyst surface and 

AB, accounting for the high activity of copper–nickel catalysts. 

6.3.3.2. Effects of precursor and synthesis conditions 

For comparison purpose, a catalyst was also prepared by post-impregnation of Cu nitrate 

(precursor to CuO) on pre-formed NiO followed by thermal decomposition of the nitrate at 

400oC (material designated as Cu0.5Ni0.5-400-IM). The XRD pattern (Figure S6.8) of this 

Cu0.5Ni0.5-400-IM sample exhibits separated major phases of CuO and NiO oxides, 

suggesting that post-impregnation is less effective to yield a CuNi solid solution. The TPR 

profile of Cu0.5Ni0.5-400-IM (Figure S6.4) displays two clearly separated steps 

corresponding to the reduction of CuO and NiO respectively. This is in line with lower 

interactions between the metals in this preparation. Consequently, this post-impregnated 

Cu0.5Ni0.5-400-IM, consisting of almost separated oxide phases, shows much lower activity 

than the one-pot Cu0.5Ni0.5-400 preparation, as it required 40 min to reach 70% of the 

theoretical maximum amount of H2 (see Figure S6.9, SI). In addition, another catalyst 

prepared this time using copper chloride instead of copper nitrate as the precursor under 

otherwise same synthesis conditions, also showing evidence of more separated oxide 

phases, similarly presents much lower activity (Figure S6.10a, b, SI). These complementary 

results support the necessity of the presence of a distorted cubic solid solution CuxNiyO to 

achieve high catalytic reactivity. Evidently, synthesis conditions, composition, as well as 

nature of precursors have pronounced effects on the interaction between copper and nickel 

species in the catalysts, which is strongly correlated with their reducibility and, hence, their 

catalytic activity. 

6.3.3.3. Phase analyses of used catalysts 

The phase and surface composition of the CuO–NiO hybrids after AB hydrolysis were 

examined by XRD and XPS. The XRD patterns (Figure S6.11, SI) of the spent catalysts 

reveal the presence of two major phases of NiO and Cu, and traces of Cu2O, in line with the 

reduction of copper cations during the reaction. In the XPS spectra of the used catalysts 



123 
 

(Figure 6.5 and S6.12, SI), intense signals of Cu 2p are observed at low binding energies of 

around 932 and 952 eV with much lower intensities of the satellite peaks. These 

characteristics have typically been documented for reduced copper species of Cu(I) and 

Cu(0).195,260,261,265 The Ni 2p3/2 peak of the used catalysts appears at a higher binding energy 

of 855.8 eV, characteristic of the Ni–OH bond, and may thus be attributed to higher 

concentrations of –OH species on the surface of the catalyst after a prolonged period in an 

aqueous reaction medium. The increase of surface hydroxyl species was also confirmed by 

a shift of the O 1s peak from ~529 eV for the fresh catalyst to a higher binding energy of 

~531 eV for the used catalyst. Strong satellite peaks at 860.9 and 880.2 eV are also 

observed, indicative of the presence of Ni(II).272,273 Note that copper at low valance states 

was found to be active phases for AB hydrolysis.258-262,264 In our case also, copper cations 

in the CuO–NiO material were reduced to form Cu(I) or Cu(0), which then act as active 

sites for AB hydrolysis. In contrast, NiO is considered almost inactive and acts as a support 

stabilizing and participating in the reduction process of copper via formation of the copper–

nickel solid solution. 

 

Figure 6.5. (a–c) XPS spectra of the fresh and used nanocast catalysts (the spectra are normalized 
by their peak intensity and energy corrected for adventitious carbon at 284.6 eV). 

6.3.3.4. Kinetic studies 

Finally, AB hydrolysis kinetics were evaluated over the Cu0.5Ni0.5-400-NC and Cu0.5Ni0.5-

400 catalysts by varying substrate and catalyst concentrations, and temperature (Figure 6.6, 

S6.13 and S6.14, SI). Hydrolysis catalyzed by binary CuO–NiO hybrids was found to 

follow a first order with respect to the catalyst concentration (the line slope is of 1.03) and 

it is essentially independent of the AB concentration with a line slope of 0.1. From these 

data, the apparent activation energies for hydrolytic dehydrogenation were estimated to be 
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39 and 42 kJ mol−1 for Cu0.5Ni0.5-400-NC and Cu0.5Ni0.5-400, respectively, which are the 

lowest reported thus far for the hydrolysis of AB using copper-based catalysts, and compare 

well to the values reported for other catalytic systems.32,43,47,262,264 The similar apparent 

activation energy over Cu0.5Ni0.5-400-NC and Cu0.5Ni0.5-400 implies that the higher 

reaction rate of the former resulted essentially from its greater population of active sites. In 

addition, note that, ammonia, an undesirable byproduct, was not detected in the gas 

generated during the reaction. 

 

Figure 6.6. Plots of the volume of generated H2vs. time over Cu0.5Ni0.5-400 and Cu0.5Ni0.5-400-NC 
catalysts at different temperatures ([Cu] = 3.2 mM, [AB] = 1.48 mM). (Inset: Arrhenius plot). 

A reusability test shows that the Cu0.5Ni0.5 catalysts still exhibit high activity after 6 

cycles of reaction (Figure S6.15, SI). The small activity loss may be due to an increase in 

the concentration of metaborate and, consequently, the viscosity of the solution during the 

AB hydrolysis. 

6.4. Conclusions 

In summary, we have presented the facile synthesis of high-performance and low-cost 

catalysts for hydrogen evolution from AB hydrolysis under ambient conditions. The 

catalysts consist of binary copper–nickel oxides where synergetic interactions are revealed 

under the form of a solid solution (CuxNiyO). The resultant Cu0.5Ni0.5 hybrid exhibits the 

highest catalytic activity among all of Cu-based catalysts for AB hydrolysis, with satisfying 

stability probed over 6 cycles. Although further improvement of the stability of the high 

surface area equivalent is needed, the present finding demonstrates that combinations of 
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non-noble metals can provide viable solutions for the development of practical catalysts, 

first for H2 generation from AB hydrolysis, but possibly also for other reactions. In an 

effort to improve the stability of the catalysts and further study the catalytic performance of 

these bimetallic CuNi systems for hydrogen storage application, series of mixed metal 

CuNi catalysts supported either on mesoporous carbon or silica nanospheres have been 

investigated in AB hydrolysis and selective decomposition of hydrous hydrazine. The 

results will be presented in the next chapter. 

  



126 
 

6.5. Supporting information 

 

 

 

Figure S6.1. Representative TEM images of the samples of different compositions (as indicated) 
prepared by thermal decomposition of metal nitrate precursors and the nanocasting approach. 
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Figure S6.2. Wide-angle powder XRD patterns of mixed metal oxides prepared at different 
temperatures (as indicated) (Bruker SMART APEXII X-ray diffractometer with a Cu Kα radiation). 
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Figure S6.3. (a-b) XPS spectra of the prepared catalysts (the spectra are normalized by their peak 
intensity and energy corrected for adventitious carbon at 284.6 eV). 
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Figure S6.4 H2-TPR profiles of the samples prepared by one-step thermal treatment at 400 and 
600oC and by post impregnation of copper nitrate on pre-formed NiO (as indicated). 

  

Figure S6.5. Time versus volume of hydrogen generated from the hydrolysis of AB catalyzed by 
single oxides CuO and NiO (H3NBH3 = 1.48 mmol, catalyst = 10 mg, H2O = 10 ml, T = 25oC). 
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Figure S6.6. Lattice spacing d corresponding to (111) planes and reaction rates at half conversion 
as functions of composition. 

 

Figure S6.7. Time versus volume of hydrogen generated from the hydrolysis of AB catalyzed by 
binary CuO-NiO oxides prepared at different thermal treatment temperatures (H3NBH3 = 1.48 
mmol, catalyst = 10 mg, H2O = 10 ml, T = 25oC). 
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Figure S6.8. XRD patterns of the samples obtained by one-step thermal treatment and post-
impregnation (as indicated). 

 

Figure S6.9. Time versus volume of hydrogen generated from the hydrolysis of AB catalyzed by 
Cu0.5Ni0.5-400-IM sample (H3NBH3 = 1.48 mmol, catalyst = 10 mg, H2O = 10 ml, T = 25oC). 
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Figure S6.10. (A) XRD pattern and (B) Time versus volume of hydrogen generated from 
hydrolysis of AB catalyzed by binary CuO-NiO oxides sample prepared using copper chloride 
precursor (H3NBH3 = 1.48 mmol, catalyst = 10 mg, H2O = 10 ml, T = 25oC).  

 

 

Figure S6.11. Wide angle XRD patterns of the fresh and spent catalysts: (A) nanocast material, (B) 
material by thermal decomposition of nitrate salts. 
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Figure S6.12a-c XPS spectra of the fresh and used catalysts prepared via thermal decomposition 
(the spectra are normalized by their peak intensity and energy corrected for adventitious carbon at 
284.6 eV). 
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Figure S6.13. Plot of time versus volume of hydrogen generated using Cu0.5Ni0.5-400 at different 
catalyst concentrations ([AB] = 1.48 mmol, T = 25oC). (Inset: ln [Cu] vs ln rate plot). 

 

Figure S6.14. The plot of time versus volume of hydrogen generated from the hydrolysis of AB 
catalyzed by Cu0.5Ni0.5-400 at different AB concentrations ([Cu] = 5.8 mmol, T = 25oC). (Inset: 
ln[AB] vs ln rate plot). 
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Figure S6.15. Time versus volume of hydrogen generated from the hydrolysis of AB catalyzed by 
Cu0.5Ni0.5-400-NC and Cu0.5Ni0.5-400 over several cycles for reusability test. ([Cu] = 11.6 mmol, 
[AB] = 1.48 mmol, T = 25oC). 
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Table S6.1. Textural and structural parameters of the prepared samples derived 
from nitrogen physisorption measurements at -196oC and X-ray diffraction 

Samples SBET 
a

 

(m2g-1) 

d spacing of NiO 
(111) planeb 

Cu0.1Ni0.9-400 12 2.4119 

Cu0.25Ni0.75-400 11 2.4145 

Cu0.5Ni0.5-400 10 2.4208 

Cu0.75Ni0.25-400 3 2.4143 

Cu0.9Ni0.1-400 3 2.4113 

Cu0.5Ni0.5-500 8 2.4233 

Cu0.5Ni0.5-600 7 2.4145 

Cu0.5Ni0.5-400-IM 12 2.4120 

Cu0.5Ni0.5-400-NC 73 2.4162 

CuO-400 3 - 

NiO-400 28 2.4108 

a SBET, apparent BET specific surface area deduced from the adsorption isotherm analysis in the 

relative pressure range from 0.05 to 0.20; bObtained from XRD  

 

Table S6.2. Nominal and actual molar ratio of Cu/Ni of the prepared 
composite oxides 

Samples Cu/Ni 
nominal 
ratio  

Cu/Ni actual 
ratio in the 
bulk 

Cu/Ni surface 
ratio  

Cu0.25Ni0.75-400 0.33 0.30 0.21 

Cu0.5Ni0.5-400 1.00 0.89 0.23 

Cu0.75Ni0.25-400 3.00 2.56 0.21 

Cu0.5Ni0.5-400-NC* 1.00 0.85 0.55 

Cu0.5Ni0.5-600 1.00 0.87 0.57 

*The Si content determined by XPS is about 2.78 at% in the nanocast Cu0.5Ni0.5-400-NC 

sample.  
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Table S6.3. Activity performances of various transition-metal-based catalysts for ammonia-
borane hydrolysis 

Catalyst TOF 

(molH2(mol metal)-1h-1) 

Reaction completion 

time at 25oC (min) 

Reference 

Pt/ C 4998 1.5 274 

Au@Co core-shell 

NPs 

816 10 275 

AuNi@MIL-101 3972 2.5 36 

Fe NPs 280 7 276 

Ni NPs 528 7 277 

Ni/ C 1842 6 43 

Ni/ Al
2
O

3
 135 50 278 

Cu/ zeolite 47 120 279 

Cu NPs@SiO
2
-

CuFe
2
O

4
 

2400 50 262 

Bulky Cu/ NiO 1080 8 This work 

Mesoporous Cu/ NiO 3600 2 This work 
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Résumé 

Des nanocatalyseurs bimétalliques performants à base de métaux non nobles sont très 

recherchés pour le développement de nouveaux matériaux pour le stockage d'énergie. Dans 

ce travail, une méthode simple pour la synthèse de catalyseurs de Cu-Ni dispersés sur des 

nanosphères de carbone ou de silice mésoporeuse est décrite à partir de précurseurs de 

nitrates métalliques peu coûteux. Les nanocatalyseurs mésoporeux de Cu0.5Ni0.5 supportés 

sur du carbone mésoporeux présentent une excellente performance catalytique pour 

l'hydrolyse du borazane (AB) et la décomposition de l'hydrazine aqueuse avec une 

sélectivité en hydrogène de 100%, en solution aqueuse alcaline à 60°C. La composition 

chimique et la taille des particules métalliques, ayant une influence majeure sur les 

propriétés catalytiques des matériaux bimétalliques CuNi supportés, peuvent être 

facilement contrôlées en réglant la charge de métal et le rapport de précurseurs métalliques. 

Une fréquence de cycle catalytique (TOF) extrêmement élevée de 3288 (molH2molmetal
-1h-1) 

a été obtenue et la réaction de déshydrogénation de AB est complète en 1 min dans le cas 

d’un catalyseur développé par contrôle précis de la taille des particules du métal, de la 

composition, et des propriétés du support. 
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Abstract  

Efficient bimetallic nanocatalysts based on non-noble metals are highly desired for the 

development of new energy storage materials. In this work, we report a simple method for 

the synthesis of highly dispersed CuNi catalysts supported on mesoporous carbon or silica 

nanospheres using low cost metal nitrate precursors. The mesoporous carbon-supported 

Cu0.5Ni0.5 nanocatalysts exhibit excellent catalytic performance for the hydrolysis of 

ammonia borane and decomposition of hydrous hydrazine with 100% hydrogen selectivity 

in aqueous alkaline solution at 60oC. The chemical composition and size of the metal 

particles, which have a significant influence on the catalytic properties of the bimetallic 

CuNi supported materials, can be readily controlled by adjusting the metal loading and ratio 

of metal precursors. An exceedingly high turnover frequency of 3288 (molH2molmetal
-1h-1) 

and complete reaction within 1 min in dehydrogenation of ammonia-borane were achieved 

over a tailored-made catalyst obtained through precise monitoring of metal particle size, 

composition and support properties. 
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7.1 Introduction 

Bimetallic nanomaterials have attracted extensive theoretical and practical 

interest.22,89,91,280-282 Catalytic properties of bimetallic nanomaterials often differ 

significantly from the constituent elements because of the modification of the surface 

geometric and electronic structures.59,96,98,282-284 In addition to intrinsic changes in the 

bimetallic nanocatalysts brought about by composition and geometric features (e.g., particle 

size and shape), an electronic perturbation of the catalytic sites due to electronic metal-

support interactions also has a strong influence on the inherent reactivity.16,103-110,285-288 

Therefore, the use of supported bimetallic nanomaterials is an interesting and important 

strategy for developing new catalysts with enhanced activity and selectivity. Because 

catalysis occurs on the surface, there are economic and fundamental incentives to produce 

catalysts in the form of highly dispersed supported metal nanoparticles. This could be 

achieved through the choice of a suitable support, the selection of proper metal precursors 

and the preparation method.102,289-291  

On the other hand, the safe and efficient storage of hydrogen is recognized as one of the 

major technological barriers preventing the widespread hydrogen on-board 

application.7,8,254 Catalyst-assisted hydrogen generation by decomposition of hydrogen 

storage molecules is one of the most studied and desired approaches towards a hydrogen-

powered society.9,12,292 Among the potential candidates for effective chemical hydrogen 

storage, ammonia borane (AB; NH3BH3) and hydrous hydrazine (N2H4.H2O) with high 

hydrogen contents have been shown to be promising hydrogen carriers for storage and 

transportation.256-265,274-279,293-298 Binary metallic nanocatalysts based on the combination of 

noble and non-noble metals have been widely investigated for hydrogen release from both 

AB and hydrazine.32-36,41,42,256,275 Although noble metal-based catalysts have been shown to 

be effective in these reactions, the high cost hinders their widespread application, so that 

there is considerable current efforts devoted to explore efficient alternatives based on non-

noble metals.41,261,293,294 For example, bimetallic Ni-Fe, Cu-Co, Ni-Co nanoparticles were 

reported to be active catalysts for these reactions.41,259,261,265,293 Nevertheless, the use of 

colloidal nanoparticles will raise problems of handling, stability and separation. Therefore, 

in the perspective of practical applications, supported metallic catalysts are preferred to 

avoid such problems.  
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Bimetallic CuNi nanocatalysts are of interest in heterogeneous catalysis for several 

important reactions such as methanol synthesis, water-gas shift, and steam reforming.299-304 

However, to the best of our knowledge, exploration of supported CuNi nanocatalysts in 

hydrogen generation from AB and hydrazine in solution has not been investigated. Herein, 

highly active, selective and robust catalysts composed of CuNi particles supported on 

mesoporous carbon or silica nanospheres for hydrogen generation both from AB hydrolysis 

and hydrous hydrazine decomposition have now been revealed. The selected supports with 

mesoporous structure and spherical morphology at the nano-scale could provide high 

surface area for high dispersion of the catalyst nanoparticles, as well as efficient transport 

of the reaction agents.  Among the supported CuNi catalysts tested for AB hydrolysis 

reaction, mesoporous carbon supported Cu0.5Ni0.5 catalyst exhibits the highest catalytic 

activity with a TOF up to 3288 (molH2molmetal
-1min-1). Interestingly, supported Cu0.5Ni0.5 

nanocatalyts show 100% conversion of N2H4.H2O with 100% to H2 selectivity at 60oC. To 

gain more insight into this catalytic system, the influences of support structure, 

compositions, as well as the size of the metal particles, on the resulting catalyst reactivity 

were also substantiated.  

7.2 Results and discussion 

7.2.1 Texture, crystalline phases and surface properties 

Evenly distributed CuNi nanoparticles supported on mesoporous carbon nanospheres 

(MCNS) with varying compositions and metal loading of 20 wt% were prepared using 

inexpensive nitrate metal precursors by simple incipient wetness method (see SI). 

Transmission electron microscopy (TEM) and scanning TEM high angle annular dark field 

(HAADF-STEM) images (Figure 7.1a,b and S7.1) clearly reveal spherical mesoporous 

carbon particles (around 400-500 nm in size) with well-dispersed metal nanoparticles. From 

the TEM observations, the average particle size for the supported Ni and CuNi 

nanoparticles was mainly ranging from 5 to 10 nm, while a slightly larger particle size (13 

nm) was observed for the supported Cu nanoparticles. It can be observed that the 

combination of Cu and Ni has a positive promoting effect on metal dispersion. The 

elemental analysis by energy dispersive spectroscopy (EDS) phase mappings (Figure 7.1c) 

demonstrates the uniform dispersion of Cu/Ni elements over the support. The 
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compositional line profiles of Cu and Ni along the line that is indicated in the HAADF-

STEM images (Figure 7.1d and S7.1b,e) of CuNi/ MCNS of different Cu/Ni ratios suggest 

that Cu and Ni are distributed essentially in solid solution. This feature agrees well with 

XRD results and the signal intensities are consistent with the nominal compositions.  

 

Figure 7.1. (a) TEM image, (b) Scanning TEM high angle annu-lar dark field (STEM-HAADF) 
image and (c) the corresponding energy dispersive spectroscopy (EDS) phase mapping with (d) 
line-scanning profiles across the metal particles as indicated in the inset of Cu0.5Ni0.5/MCNS 
catalyst. 

Porosity of the prepared catalysts was confirmed by N2 adsorption–desorption 

measurements. All of the samples show type IV isotherms characteristic of mesostructured 

materials with narrow pore size distributions centered around 3nm (Figure S7.2). Textural 

parameters of the prepared catalysts are given in Table S7.1. Specific BET surface area, 

pore size, and pore volume of the CuNi/ MCNS are quite comparable. Powder X-ray 

diffraction patterns (Figure 7.2) for CuNi/MCNS of different compositions are typical for 

fcc structures and the peaks can be assigned to (111) and (200) planes. In the case of 

Cu/MCNS, one minor characteristic peak of Cu2O at 36.4o is observed. The broad and 
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asymmetric peaks at 2θ=42-46o and 48-52o of the XRD patterns of bimetallic CuNi/ MCNS 

can be resolved into two peaks corresponding to a Cu phase and a CuNi alloy phase.  

 

Figure 7.2. XRD patterns of catalysts with various compositions: (a) Cu/MCNS, (b) 
Cu0.75Ni0.25/MCNS, (c) Cu0.5Ni0.5/MCNS, (d) Cu0.25Ni0.75/MCNS, (e) Ni/MCNS. 

The chemical states of active metals in the near-surface region were obtained from XPS 

analyses. The XPS spectra of Cu 2p exhibit the peaks mainly associated with metallic Cu0 

and Cu+ with binding energy of Cu 2p3/2 and Cu 2p1/2 at 932.3 eV and 952.2 eV, 

respectively (Figure 7.3).  

 

Figure 7.3. XPS spectra of catalysts with various compositions: (a) Cu/MCNS, (b) 
Cu0.75Ni0.25/MCNS, (c) Cu0.5Ni0.5/MCNS, (d) Cu0.25Ni0.75/MCNS, (e) Ni/MCNS. 
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In addition, the minor peaks located at 934.5 eV and low intensity satellites at 940-

945 eV can be attributed to Cu2+.259,261,272,302 The presence of Cu2+ in the catalysts suggests 

a thin oxidized layer formed during exposure of the samples to air. Meanwhile, the XPS 

spectra of Ni 2p contain main peaks attributable to Ni2+ with the binding energy of Ni 2p3/2 

and Ni 2p1/2 at 855.5 and 872.5 eV, respectively (Figure 7.3).272,302 The dominant of Ni2+ 

state in the XPS profiles indicates Ni is more susceptible to be oxidized than Cu. 

7.2.2 Catalytic performance in ammonia-borane hydrolysis and 

decomposition of hydrazine 

7.2.2.1 Influences of composition 

Recently, catalytic hydrolysis of AB (H3NBH3 + 2H2O → NH4
+ + BO2

− + 3H2) and 

decomposition of hydrazine have received considerable research interest as potential 

approaches towards hydrogen energy-based systems.9,12,292 Moreover, these processes have 

been used widely as adequate model reactions to study the catalytic properties of novel 

catalysts. 256-265,274-279,293-298 The prepared CuNi supported nanocatalysts were first tested for 

the catalytic hydrolysis of AB to generate H2 at 25-40oC.  

 

Figure 7.4. (A) Mass activity at 25oC and apparent activation energy as a function of Cu molar 
fraction. (B) Plots of time vs. volume of H2 generated from the hydrolysis of AB catalyzed by 
binary CuNi/MCNS with different compositions. (H3NBH3 = 1.48 mmol, Metal/[AB] = 0.036, H2O 
= 10 ml, T = 25oC). 
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Figure 7.4A shows the plots of mass activity and apparent activation energy for AB 

hydrolysis catalyzed by Cu-Ni/MCNS nanocatalysts as a function of the composition. It can 

be observed that the activity of the catalysts strongly depends on the Cu-Ni composition. 

Obviously, the H2 generation rates of all bimetallic CuNi catalysts are greatly enhanced 

compared to the corresponding monometallic counterparts. Among the tested CuNi/MCNS 

catalysts, Cu0.5Ni0.5 shows the highest mass activity of 23.5 molH2gmetal
-1h-1, and the 

dehydrogenation reaction of AB is complete within 5 min at 25oC (Figure 7.4B). An 

induction period from 0.5 to 4 min was observed for the monometallic Cu and Ni supported 

catalysts, whereas gas evolution was observed to occur immediately when the catalyst was 

in contact with AB in the case of the bimetallic CuNi nanohybrids (Figure 7.4B). It has 

been documented that, an induction period was often observed with fresh Cu- and Ni-based 

catalysts.43,47,257,259,261 In AB hydrolysis, it is believed that the formation of an intermediate 

species during the induction time is essential to initiate the reaction. The formation of an 

activated complex is usually postulated through the interaction of an AB molecule with the 

surface of the solid catalyst, which then dissociates upon attack of a water molecule, 

releasing hydrogen.257 Thus, the interaction between Cu and Ni here must facilitate the 

formation of the required activated intermediate species. The apparent activation energies 

for Cu0.25Ni0.75, Cu0.5Ni0.5, and Cu0.75Ni0.25/MCNS were determined to be approximately 54, 

43, and 44 kJ mol-1, respectively, whereas, the monometallic Cu/MCNS and Ni/MCNS 

catalysts show higher activation energies, i.e., 56 kJ mol-1 for Cu/MCNS and 60 kJ mol-1 

for Ni/MCNS. These results clearly indicate a catalytic synergistic effect in the hydrolysis 

of AB over bimetallic CuNi nanocatalysts, which is in agreement with our previous 

observations for non-supported nanocast catalysts.294  

The prepared bimetallic CuNi/MCNS catalysts were further examined in the catalytic 

decomposition of hydrazine. The hydrogen of hydrazine could be released by complete and 

desired decomposition through the pathway 1 or incomplete and undesired decomposition 

to ammonia by pathway 2: 292 

H2NNH2 → N2 + 2H2 (pathway 1) 

3H2NNH2 → 4NH3 + N2 (pathway 2) 

Pathway 2 not only decreases the yield of H2 but also produces ammonia as a by-product, 

which would poison the catalysts of hydrogen-fueled cells. In our case, the prepared 
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bimetallic CuNi/MCNS catalysts exhibit high catalytic activity in N2H4.H2O decomposition 

for hydrogen generation in the presence of NaOH at 60oC (Figure 7.5). Interestingly, all the 

bimetallic CuNi/MCNS catalysts showed 100% selectivity to H2 via pathway 1 and the 

reaction was complete within 50 min in the case of Cu0.5Ni0.5/MCNS, whereas Cu/MCNS 

exhibits much lower activity and selectivity (50.5%). However, in this case, Ni/MCNS 

displays higher activity compared to Cu0.75Ni0.25/ MCNS and Cu/MCNS.  

 

Figure 7.5. Time course plots of the hydrogen evolution by decomposition of hydrous hydrazine in 
NaOH (0.5M) at 60oC (Metal/H2NNH2 = 0.28). 

The hydrogen generation rate per unit mole of active metal over Cu0.5Ni0.5/MCNS is 

about 21.8 h-1, which is even comparable to NiPt alloy nanoparticles.35 It is worth noting 

that, CuNi nanoparticles were reported to show poor activity and selectivity to H2 (15%) at 

70oC in similar reaction conditions.41 The improved activity and selectivity of the supported 

bimetallic CuNi nanocatalysts in the present work may result from a different preparation 

method and the type of metal precursors used, which are factors that may strongly affect the 

structure and properties of the catalysts. In general, surfactants and organic solvents which 

are frequently used in preparations of nanoparticles may remain on the catalyst surface and 

thus interfere in the catalytic reaction.32,85 We have proven previously that the choice of 

metal precursors has great impact on the catalyst performance in AB hydrolysis.294 In the 
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present case, the variation trend of activity for CuNi/MCNS catalysts with different Cu/Ni 

ratios was found to be similar for both AB hydrolysis and hydrazine decomposition 

reactions. This catalytic enhancement in both reactions and the activation energy 

dependence on the catalyst composition which we observed might arise from modifications 

of the surface electronic structure in the bimetallic nanohybrids.59,105,110 The electronic 

effect on the binding strength of intermediates is due to the change in the electronic 

structure of a catalyst. For transition metals, the way their d-states interact with the 

adsorbate largely determines the binding strength. The rule is that the lower in energy the d-

states are relative to the highest occupied state - the Fermi energy - of the metal, the weaker 

the interaction with adsorbate states due to the occupancy of anti-bonding states. The effect 

of alloying can also be understood in terms of d band shifts. The calculated d-band centers 

of Cu and Ni are of -2.67 eV and -1.29 eV, respectively.59 The d-band center position of 

CuNi alloy was proven to shift upward from Cu to Ni, suggesting the binding strength to 

CuNi bimetallic surface would lie in between Cu and Ni. Thus, the interaction between 

CuNi bimetallic surface and reacting species would neither be too weak nor too strong as in 

the cases of Cu and Ni individuals. According to Sabatier’s principle, this would explain 

the enhanced activity of CuNi bimetallic catalysts. 59,280,299 It was proven theoretically and 

experimentally that the electronic structure of a bimetallic CuNi surface can be engineered 

by controlling compositions, which substantially impacts the adsorbate binding energy, and 

consequently, impact the activity and selectivity of the catalysts. 299-304 

7.2.2.2 Effects of support and metal particle size 

In addition to composition, electronic metal-support interactions and particle size of the 

active components usually have a significant impact on the catalyst reactivity. Support 

effect and size-dependent catalytic activity of metal nanoparticles in heterogeneous 

catalysis are well-documented for many catalytic systems in various reactions.16,56,82,103-110, 
285-288 It would be both of fundamental and practical interest to clarify the influence of 

support and particle size for the supported CuNi nanocatalysts. To do so, mesoporous silica 

MCM-48 and mesoporous carbon CMK-1 nanospheres were also deployed as 

supports,230,305,306 and metal particle sizes in a range of 6.7 to 18 nm were obtained by 

varying the metal loading (5-20 wt%). Since supported Cu0.5Ni0.5 nanocomposite has 
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highest activity among the tested catalysts, this composition was therefore applied to other 

supports. The ordered mesoporous structures of MCM-48 and CMK-1 nanospheres were 

first confirmed by small angle X-ray diffraction (Figures S7.3) with the reflections 

appearing at low 2θ angles from 1-6o characteristic of Ia3d structure of MCM-48 and lower 

symmetry I4132 of the nanocast mesostructure of CMK-1. 230,305,306 Figure 7.6 shows 

typical TEM images and element mapping of Cu0.5Ni0.5/MCM-48 and Cu0.5Ni0.5/CMK-1 

with various metal particle sizes. The ordered mesostructure of MCM-48 and CMK-1 

supports are also clearly observed from the TEM images.  

 

 

Figure 7.6. (a,b,c) HRTEM and STEM-HAADF images and corresponding EDS element mapping 
of Cu0.5Ni0.5/CMK-1 of different metal particle sizes (insets are metal particle size distributions). 
(d,e,f) TEM, STEM-HAADF images and EDS element mapping of Cu0.5Ni0.5/ MCM-48. 

The metal particles are well dispersed with volume-averaged particle size of 6.7, 10.6 

and 18 nm for Cu0.5Ni0.5/CMK-1. For Cu0.5Ni0.5/MCM-48, it can be observed that the metal 

particles are highly dispersed in silica matrix. Element mapping of Cu and Ni confirms the 
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uniform distribution of Cu and Ni for all the samples. The XRD pattern of Cu0.5Ni0.5/MCM-

48 (Figure S7.4) shows no visible peaks in the range of 2θ=30-60o, suggesting the metal 

particles immobilized on MCM-48 nanospheres present an amorphous nature and/or are too 

small to be detected by XRD, in agreement with TEM observation. The visible diffraction 

peaks of Cu0.5Ni0.5/CMK-1 belong to the (111) and (200) planes in fcc structure of Cu and 

CuNi alloy phases (Figure S7.4). The porosity parameters obtained from nitrogen 

physisorption analyses (Figure S7.5, 7.6) of the prepared catalysts are presented in Table 

S7.1. All of the mesoporous supports (MCNS, CMK-1, MCM-48) possess high specific 

surface area (1500-1600 m2/g) and narrow pore size distribution in the range of 3-3.4 nm. 

The chemical states of Cu and Ni obtained from XPS study for Cu0.5Ni0.5/CMK-1 are 

similar for the Cu0.5Ni0.5/MCNS catalyst, meaning Cu, Cu+ and Ni2+ coexist as main states 

on the surface of the catalysts. The binding energies of Cu 2p appear primarily at 932.4 eV 

and 952.5 eV characteristic of Cu and Cu+ (Figure S7.7), with a shoulder at 934.5 eV and 

low intensity of shake-up peak indicating the presence of Cu2+. The Cu 2p3/2 and Cu 2p1/2 

peaks of Cu0.5Ni0.5/MCM-48 shift slightly to higher binding energy at 932.7 and 952.5 eV 

compared to Cu 2p of Cu0.5Ni0.5 supported on carbon materials, indicating a larger portion 

of Cu+ in the silica supported catalyst. In addition, the shake-up peak characteristic of Cu2+ 

with low intensity can be observed. These results indicate that Cu species supported on 

MCM-48 are primarily in the valence state of Cu+ and partly in the states of Cu and Cu2+.  

The activity of Cu0.5Ni0.5 supported on different mesoporous materials with metal 

loading of 20 wt% were tested in AB hydrolysis. The activities of carbon supported 

Cu0.5Ni0.5/CMK-1 and Cu0.5Ni0.5/MCNS catalysts are com-parable (reaction completed 

within 2 min) and are 3-fold higher than that of silica supported Cu0.5Ni0.5/MCM-48 

catalyst (reaction completed in 7min) (Figure S7.7). Thus, one may suggest that, the 

observed differences in activity could be associated to optimum metal particle size, 

electronic-metal support interactions, facilitated mass transfer, or a combination of these 

characteristics. The apparent activation energy and effective reaction order can be used as 

simple diagnostic criteria for estimation of mass-transport limitations.58 

If the mass transfer is the rate-controlling step, the apparent activation energy is in the 

range of less than 5-10 kJ mol-1 due to the weak dependence of effective diffusivity upon 

temperature. According to Fick’s first law, the rate of diffusion (interphase and 
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intraparticle) is proportional to the concentration gradient, i.e., it is first order. In the case 

when interphase mass transfer limitations strongly dominate, a first-order of reaction is 

observed. In our reaction conditions, hydrolysis catalyzed by both carbon- and silica-

supported CuNi catalysts was found to be essentially independent of the AB concentration 

with a line slope of 0.02 and 0.07 for the silica- and carbon-supported catalysts, 

respectively (Figure S7.8). In addition, the apparent activation energy was found in the 

range 43-60 kJ mol-1 for the catalysts with different Cu/Ni ratios. Note that, the particle size 

of the CMK-1 and MCM-48 supports are in the same range of about 150 nm, whereas the 

MCNS support has a larger particle size of about 400-500 nm, while the pore size of the 

catalysts are comparable. Thus, effect of mass transfer can be viewed as negligible in our 

reaction systems. Therefore, the substantially higher performance of the carbon-supported 

catalysts originates essentially from the intrinsic activity and/or the amount of the active 

phases. 

 

Figure 7.7. Plots of time vs. volume of H2 generated from the hydrolysis of AB catalyzed by 
different supported Cu0.5Ni0.5 catalysts. (H3NBH3 = 1.48 mmol, Metal/[AB] = 0.072, H2O = 10 ml, 
T = 25oC). 

Interestingly, it is observed that the mean sizes of metal particles of the three catalysts are 

different and decrease, in order of Cu0.5Ni0.5/CMK-1 > Cu0.5Ni0.5/MCNS > 
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metal particle size decreases. In order to study the size dependence of catalytic activity, 

three catalysts with metal average particle sizes of 6.7, 10.6 and18 nm were obtained by 

using the metal loading of 5, 10 and 20 wt%, respectively, on the same support - CMK-1. 

The CMK-1 was chosen as support to examine the particle size effect owing to fact that the 

metals supported on CMK-1 carbon exhibit a narrower particle size distribution, and, 

practically, the dispersion of metal particles is also more readily visible on CMK-1. The 

mass activity in the catalytic AB hydrolysis increases with the decreasing metal particle 

sizes of the catalysts (Figure 7.8).  

 

Figure 7.8. (A) Time course of hydrogen evolution from AB hydrolysis over Cu0.5Ni0.5/CMK-1 
with different metal particle sizes. (B) Mass activity and area activity as a function of metal particle 
size in AB hydrolysis reaction catalyzed by Cu0.5Ni0.5/CMK-1 catalysts. (T = 25oC, Metal/AB = 
0.072). 

Remarkably, the Cu0.5Ni0.5/CMK-1 with metal particle size of 6.7 nm shows an extremely 

high activity, over which the hydrolysis is completed within 1 min and TOF value as high 

as 3288 (molH2molmetal
-1h-1), which is superior to any other non-noble based catalysts 

reported thus far and comparable to noble metal-based catalysts,36,43,275-279,297,298 and the 

reusability tests reveal that the catalyst is still highly active after 6 subsequent runs of AB 

hydrolysis (Figure S7.9). The activity normalized to theoretical surface area of the metal 

particles, assuming spherical nanoparticles with all the surface being catalytically available, 

however decreases as the metal particle size decreases, indicating that larger particles are 

more active than small ones in catalytic hydrolysis of AB under the studied conditions. To 
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clarify this, one may consider different distribution of Cu and Ni species in the different 

catalytic systems under study. Indeed, the surface Ni/Cu ratio obtained from XPS analyses 

(Ni/Cu=1.08/1)  (Table S7.2) was found to be close to the value in the bulk determined 

from ICP analyses for Cu0.5Ni0.5/CMK-1 with metal particle size of 18 nm. However, the 

catalysts show an enrichment in Ni at their surface as the metal particle size decreases, i.e., 

the surface Ni/Cu ratios are 1.28 and 2.36 for Cu0.5Ni0.5/CMK-1 with particle sizes of 10.6 

and 6.7 nm, respectively. These results suggest that the coexistence of Cu and Ni on the 

catalyst surface is essential to activate AB. Furthermore, we observed that Cu0.5Ni0.5/MCNS 

having higher metal dispersion with average particle size of 7.7 nm exhibits slightly lower 

reaction rate compared to Cu0.5Ni0.5/CMK-1, with mean metal particle size of 18 nm. This 

behavior could be explained by the fact that Cu0.5Ni0.5/MCNS is also richer in Ni on surface 

demonstrating a Ni/Cu ratio of 2.86. Therefore, the positive effect originating from 

increasing surface metal area due to smaller particle size can be balanced by a negative 

effect brought by changes in the surface composition (i.e., enrichment in Ni). Interestingly, 

although the surface the Ni/Cu ratio of Cu0.5Ni0.5/MCM-48 is of 1.08, this catalyst shows 

much lower activity compared to carbon- supported catalysts. Here, such a sharp decline in 

catalytic activity for Cu0.5Ni0.5/MCM-48 may be due to stronger metal-silica interactions 

that could weaken the Cu-Ni interaction. To examine the metal-support interaction, H2-

temperature programmed reduction (H2-TPR) of the silica-supported catalysts was 

performed (Figure 7.9). For comparison, TPR analyses of single metal silica-supported 

materials, i.e., Cu/MCM-48 and Ni/MCM48, were also carried out. The resulting TPR 

profile of Cu/MCM-48 shows a single reduction peak at 201oC which can be attributed to 

the reduction of finely dispersed surface copper oxide species into copper. Meanwhile, a 

broad peak appears at 420oC for Ni/MCM-48, corresponding to the reduction of nickel 

species in interaction with the silica support.302,307 Note that, the reduction of single bulk 

NiO occurs at 350oC, suggesting that the strong Ni-silica interaction makes the nickel 

species more difficult to reduce. For the Cu0.5Ni0.5/ MCM-48 catalyst, a reduction peak at 

204oC and a broad peak at around 400oC can be assigned to the reduction of finely 

dispersed copper oxide species and nickel species closely interacting with the silica 

support, respectively. Thus, the presence of strong interaction between nickel and silica 
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could clearly impede the needed copper-nickel interaction which plays a vital role in 

enhancing the catalyst reactivity. 

 

 

Figure 7.9. H2-TPR profiles of silica supported catalysts Cu/ MCM-48, Cu0.5Ni0.5/MCM-48 and Ni/ 
MCM-48 (as indicated) 

7.3. Conclusions 

In conclusion, we have presented the development highly efficient nonprecious bimetallic 

supported CuNi catalysts using a simple incipient wetness with low-cost nitrate metal 

precursors. The above results reveal that composition, size of metal particle, and nature of 

support play critical roles in the activity and stability of the catalysts. The mesoporous 

carbon spheres-supported bimetallic Cu-Ni catalysts exhibit excellent performance in the 

catalytic hydrolysis of AB and catalytic decomposition of hydrous hydrazine with 100% H2 

selectivity. The metal particle sizes of the metal species can be controlled in the range from 

6.7 to 18 nm with narrow size distribution on mesoporous carbon CMK-1 support simply 

by varying the metal loadings (5-20 wt%). The mass activity of the Cu0.5Ni0.5/CMK-1 

catalyst was found to increase with decreasing metal particle size, however, the activity 

normalized to metal surface area declines slightly as the particle size decreases. Such 

observed size-dependence activity could be explained by modifications in surface 

composition as the particle size decreases. The Cu0.5Ni0.5/CMK-1 possessing average metal 
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particle size of 6.7 nm exhibits noticeably superior activity for dehydrogenation of AB with 

TOF as high as 3288 (molH2molmetal
-1h-1) under ambient conditions, making it one of the 

best non-noble catalysts and even comparable to noble metal based catalysts. The Cu0.5Ni0.5 

supported on mesoporous MCM-48 silica nanospheres exhibits much lower activity for AB 

hydrolysis reaction compared to carbon-supported counterparts mainly due to the strong 

nickel-silica interaction that could hinder the required Cu-Ni synergistic interaction. The 

observed high performance of the bimetallic CuNi supported nanocatalysts makes it 

possible to propose that the alloying of Cu and Ni leads to modification of the catalyst 

surface through the intermetallic electronic interactions, consequently improving 

substantially the reactivity of the metals. 

Given that two these reactions are emerging as the most promising approaches for 

chemical storage of hydrogen towards a hydrogen economy, the development of efficient 

and cost-effective catalysts, as well as knowledge about reactivity and selectivity of these 

reactions on nanocatalysts are of utmost importance. The present finding demonstrated that 

the optimum catalyst could be achieved through a combination of bimetallic effect along 

with tuning metal particle size and a proper choice of support.  

7.4. Experimental section 

7.4.1 Synthesis of mesoporous carbon nanospheres MCNSs 

The MCNSs with diameter of around 500nm were synthesized according to modified 

Sheng Dai’s approach.308 Typically, a mixture consists of cetyltrimethylammonium 

chloride (CTAC) solution (12.48 g, 25 wt% in water), absolute ethanol (96ml), ammonia 

hydroxide solution (1.2 ml, 29 wt%), and deionized water (228ml) was stirred at 30oC for 1 

h. Subsequently, resorcinol (2.4 g) was added and the resulting mixture was additionally 

stirred for 1 h. Then formadehyde solution (3.36 ml) and tetraethyl orthosilicate (TEOS, 

4.32 ml) were added to above mixture and stirred for 24 h at 30oC. The brown solid product 

was recovered by centrifugation, washed with water and dried at 80oC overnight. For 

carbonization and template removal, the solid product was heated in a tubular furnace to 

600oC (2 h, heating rate 1oC/min) and then 800oC (5 h, 5oC/min) under N2 flow. The 

MSNSs were obtained by silica dissolution using HF 5wt%. 



160 
 

7.4.2. Synthesis of mesoporous carbon CMK-1 

Mesoporous carbon prepared via nanocasting method using mesoporous silica MCM-48 is 

denoted as CMK-1. Synthesis of CMK-1 templated by MCM-48 involved impregnation 

with furfuryl alcohol in the presence of p-Toluene sulphonic acid (PTSA) as catalyst for 

carbonization, followed by carbonization at 900oC and removal of silica template via 

dissolution in HF solution. Briefly, 1 g of MCM-48 nanospheres was impregnated with 1 

ml of furfuryl alcohol and 6µl of PTSA solution (0.05g of PTSA in 1 ml acetone). The 

impregnated sample was then pyrolysed at 350oC in inert atmosphere. The impregnation 

was repeated 2 times with the amount of precursor solution was of 0.7 ml for the second 

one. The composite material was carbonized at 900oC for 2 h in inert atmosphere. Finally, 

the silica framework was removed by dissolution in HF solution (5 wt. %). 

7.4.3. Synthesis of supported metal catalyst  

Cu, Ni catalysts were prepared via incipient wetness impregnation using metal nitrate 

precursors (Cu(NO3)2.3H2O, Ni(NO3)2.6H2O). Typically, for carbon supported catalyst, 1g 

of degassed support material was impregnated with 0.8ml of the solution (water and ethanol 

mixture in volume ratio of 1/1) containing the desired amount of metal precursors to 

achieve intended metal loadings of 5, 10 and 20 wt%. In the case of silica supported 

catalyst, water was used as solvent and citric acid (with molar ratio of citric acid/ metal = 

1/1) was used as chelating agent to obtain uniform dispersion of metal species at high metal 

loading of 20 wt%. The impregnated catalyst precursors were dried overnight at 30oC in 

dynamic vacuum. Next, the catalyst precursors were subjected to heat treatment at 400oC 

for 5 h in N2 flow to obtain the final products. 

7.4.4 Catalyst characterization 

High resolution TEM and Scanning TEM high angle annular dark field (STEM-HAADF) 

images were performed on Philips F20 Tecnai instrument operated at 300 kV. The chemical 

compositions of the samples were analyzed by Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) on a Perkin-Elmer Optima 4300DV spectrometer. TPR 

experiments were performed on an RMX-100 instrument. In a typical test, a 15 mg of 

catalyst was loaded in the middle of a quartz tubular reactor, with quartz wool supports on 

both sides. The catalyst was cleaned in argon flow and TPR was then performed under H2 
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(5% balanced in Ar) with a flow rate of 10 ml min−1 and a ramping rate of 5oC min−1. Other 

characterization techniques (TEM, XRD, N2 physical adsorption) were obtained as 

described in the Chapter 6. Catalytic tests were detailed in Chapter 3. 
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7.5. Supporting information 

 

Figure S7.1. TEM images of (a) Cu0.25Ni0.75/ MCNS, (c) Cu/ MCNS, (d) Cu0.75Ni0.25/ MCNS, (f) 
Ni/MCNS and STEM-HAADF images and the corresponding line-scanning profiles across the 
metal particles as indicated of (b) Cu0.25Ni0.75/ MCNS and (e) Cu0.75Ni0.25/ MCNS catalysts. 

 

Figure S7.2. N2 adsorption-desorption isotherms at -196oC (left) and respective QSDFT pore size 
distributions (right) deduced from the adsorption branch for the prepared catalysts (as indicated). 
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Figure S7.3. Small angle XRD patterns of ordered mesoporous carbon CMK-1 and silica MCM-48. 

 

Figure S7.4. XRD patterns of Cu05Ni0.5/CMK-1 and Cu05Ni0.5/MCM-48. 
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Figure S7.5 N2 adsorption-desorption isotherms at -196oC (left) and respective QSDFT pore size 
distributions (right) deduced from the adsorption branch for the prepared catalysts (as indicated). 

 

Figure S7.6. N2 adsorption-desorption isotherms at -196oC (left) and respective NLDFT pore size 
distributions (right) deduced from the adsorption branch for the prepared catalysts (as indicated). 
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Figure S7.7. Cu 2p and Ni 2p XPS spectra of bimetallic CuNi supported on ordered mesoporous 
silica MCM-48 and carbon CMK-1. 

 

Figure S7.8. The plot of time versus volume of hydrogen generated from the hydrolysis of AB 
catalyzed by Cu0.5Ni0.5/ MCNS (left) and Cu0.5Ni0.5/ MCM-48 at different AB concentrations (Metal 
= 0.10 mmol, T = 25oC). (Inset: ln [AB] vs ln rate plot). 
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Figure S7.9. Plots of time vs. volume of H2 generated from the hydrolysis of AB catalyzed by 
Cu0.5Ni0.5/ CMK-1(6.7 nm) from 1st to 6th cycle. An equivalent of AB in 2 ml H2O was added to the 
reaction solution every 4 min. 
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Table S7.1. Textural parameters of the different mesoporous mixed metal oxides derived from 
nitrogen physisorption measurements at -196oC. 

Sample SBET 
a
 Vt 

b d 
c 

MCNS 1593 0.93 3.1 

CMK-1 1535 0.86 3.0 

MCM-48 1532 1.2 3.4 

Cu/ MCNS 875 0.53 3.0 

Cu0.25Ni0.75/ MCNS 979 0.55 3.0 

Cu0.5Ni0.5/ MCNS 945 0.56 3.0 

Cu0.75Ni0.25/ MCNS 958 0.57 3.0 

Ni/ MCNS 877 0.50 3.0 

Cu0.5Ni0.5/ CMK-1 (6.7 nm) 1385 0.81 3.0 

Cu0.5Ni0.5/ CMK-1 (10.6 nm) 1213 0.73 3.0 

Cu0.5Ni0.5/ CMK-1 (18 nm) 997 0.56 3.0 

Cu0.5Ni0.5/ MCM-48 859 0.61 3.2 

a SBET, apparent BET specific surface area deduced from the isotherm analysis in the relative pressure 

range from 0.05 to 0.20; b Vt, total pore volume at relative pressure 0.95; c d, pore diameter calculated 

from the adsorption branch (QSDFT kernel of metastable adsorption isotherms for carbon materials and 

NLDFT for silica materials).192,193 
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Table S7.2 Elemental analyses of the prepared supported catalysts 

Sample Actual Metal loading 

(wt. %) 

Ni/Cu ratio in the 

bulk 

Ni/Cu surface ratio 

Cu/ MCNS 19.8 - - 

Ni/ MCNS 18.8 - - 

Cu0.25Ni0.75/ MCNS 19.0 3.06 - 

Cu0.75Ni0.25/ MCNS 19.3 0.33 - 

Cu0.5Ni0.5/ MCNS 19.1 1.00 2.86 

Cu0.5Ni0.5/ CMK-1 

(18.0 nm) 
18.9 0.98 1.08 

Cu0.5Ni0.5/ CMK-1 

(10.6 nm) 
9.4 0.99 1.28 

Cu0.5Ni0.5/ CMK-1 

(6.7 nm) 
4.7 1.00 2.36 

Cu0.5Ni0.5/ MCM-48 18.7 0.96 1.08 
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Chapter 8:            

Conclusions and future work 
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8.1 Conclusions 

In this thesis, we have proposed a series of new, efficient and simple procedures to 

synthesize various nanostructured porous mixed metal oxides and some supported analogs. 

A wide variety of experimental studies have been performed to investigate composition, 

structure, porosity, and catalytic properties of the different metal or metal oxide catalyst 

systems, with a special emphasis on catalytic processes related to the production of 

hydrogen fuel.  

First, we have developed a facile synthesis route for the preparation of crystalline 

nanostructured porous mixed metal oxides (e.g., Cu-CeO2, NiFe2O4, CuFe2O4), based on 

the nanocasting method using various ordered mesoporous silica materials as hard 

templates. The preparation method, which uses molten nitrate salts in the presence of an 

organic solvent (e.g., n-hexane or cyclohexane) under refluxing conditions, is well-suited 

for a large variety of non-siliceous compositions, especially high-surface-area mixed metal 

oxides, which are difficult to prepare otherwise. 

Next, we have shown that the above one-step impregnation method can be 

implemented to synthesize mesoporous copper/ceria catalysts that are highly active and 

selective for the selective oxidation of CO to CO2 in the presence of hydrogen (i.e., the 

PROX process). The nanocasting technique enabled the synthesis of catalysts with 

precisely tuned compositions and textural parameters. The thus-obtained products are 

promising materials for application as CO-PROX catalysts or as gas sensors. In addition to 

the role of composition, this work also illustrates that the reducibility and catalytic 

performance of the materials are greatly influenced by the nature of the nanoporous 

structure (i.e., porosity and mesostructure). This study demonstrates that a fine control over 

nanoscale structural features offers new perspectives for catalyst design. 

Concerning catalysts for hydrogen generation from hydrogen chemical storage 

compounds, we have presented a quite simple synthesis of high-performance and low-cost 

catalysts particularly efficient for the hydrogen evolution from ammonia borane (AB) 

hydrolysis under ambient conditions. The catalysts consist of binary copper–nickel oxides, 

in which synergetic interactions are revealed under the form of a solid solution (CuxNiyO). 
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The resultant Cu0.5Ni0.5 hybrid exhibits the highest catalytic activity among all of Cu-based 

catalysts for AB hydrolysis, with satisfying stability, as probed over 6 cycles. Although 

further improvement in the stability of the high-surface-area equivalent is needed, the 

present finding demonstrates that combinations of non-noble metals can provide viable 

solutions for the development of practical catalysts, first for H2 generation from AB 

hydrolysis, but possibly also for other reactions. 

Following this work, catalysts consisting of bimetallic CuNi supported on 

mesoporous carbon spheres were shown to exhibit excellent catalytic performance both in 

catalytic hydrolysis of AB and decomposition of hydrous hydrazine with 100% hydrogen 

selectivity. The Cu0.5Ni0.5/CMK-1 material possessing average metal particle size of 7 nm 

demonstrates superior activity for dehydrogenation of AB with TOF as high as 3288 

(molH2molmetal
-1h-1) under ambient conditions, making it one of the best non-noble catalyst 

and even comparable to noble metal-containing catalysts. The present finding demonstrated 

that the optimum catalyst could be achieved through a combination of bimetallic effects 

along with adequate tailoring of metal particle size and proper choice of support. Given that 

two these reactions are emerging as some of the most promising approaches for chemical 

storage of H2 in the perspective of a hydrogen economy, the development of such efficient 

and cost-effective catalysts is of great significance Furthermore, this study contributes new 

fundamental insights into reactivity and selectivity for these reactions over nanocatalysts, 

which may prove to be also useful more generally for other nanostructured systems.  

8.2 Recommendations for future work 

There is no doubt catalysis will play a central role in the transition from a petroleum-based 

economy to a future economy based on renewable fuels and sustainable chemicals. This 

thesis has covered different aspects associated with synthesis, characterization and reaction 

studies of families of nanoporous materials, which were designed primarily for the catalytic 

production and purification of hydrogen for fuel cells. Nevertheless, there are several other 

important areas that might be a natural extension of the research presented in this thesis. 

The first one is related more generally to the synthesis of high-surface-area metal oxides. 

Besides the mixed metal oxides reported in our publications, other nanostructured materials 

(such as MnCo2O4, CoMn2O4, NiCo2O4) can be developed based on our improved 
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nanocasting method. These nanoporous mixed metal oxide materials have great potential in 

the field of electrochemistry (e.g., electrocatalysts, electrode materials for batteries, etc.) 

and research regarding the electrochemical properties of some of these compositions is 

ongoing in collaboration with the team of Dr. Claudio Gerbaldi, Polytechnic School of 

Turin, Italy. We have explored the catalytic performance of nanocast materials of different 

compositions and structures in the PROX reaction. The viability of the production of metal 

oxides using the nanocasting method may be questionable for large-scale practical 

application. However, the Cu-CeO2 catalysts prepared using KIT-6 as the template are still 

quite promising to be deployed in CO gas sensor devices. Here, it remains interesting to 

further pinpoint the detailed reasons for the differences in the activities observed 

experimentally over the various catalysts studied, especially when Fe or Co cations are 

inserted in the catalysts or for different mesostructures (2-D hexagonal vs 3-D cubic for 

instance). In this thesis, the combination of Cu and Ni was proven to lead to highly efficient 

systems for the catalytic hydrogen generation from AB and hydrazine. The supported 

bimetallic CuNi catalysts prepared by a simple incipient wetness method using inexpensive 

nitrate metal salts have great potential for practical applications. However, remaining issues 

concerning the chemical storage media (e.g., cost-effective production and recycling of AB 

and hydrazine) have also to be solved. The causes of the enhanced reactivity of bi-

component CuNi compared to the individual constituents and the effect of support, as well 

as metal particle size, still are open questions and more fundamental mechanistic studies 

may provide additional understading. Finally, there is no reason why such catalysts (e.g., 

CuNi or other combinations of non-noble metals self-supported or supported on 

mesoporous colloidal particles) or the methods developed to synthesize these catalysts, 

could not be adapted for other important reactions for energy applications such as 

hydrogenolysis of sugar alcohols to valuable platform chemicals. In addition to the research 

presented in this thesis, we have developed several other CuZn-based nanoporous catalysts 

for the conversion of biomass derived compounds. Characterization and investigation of the 

reactivity of these materials is currently underway. 
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