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INTRODUCTION

Les catalyseurs supportés de nickel ont été largement étudiés à cause de leur très

grande activité dans les réactions d'hydrogénation et d'hydrotraitement. Généralement,

les catalyseurs de nickel sont obtenus par réduction de sels précurseurs par l'hydrogène

à des températures relativement élevées. Très souvent, la réduction est précédée par le

traitement thermique à hautes températures appelé calcination. Tous ces traitements

provoquent des interactions fortes entre le support et le métal. Ils influencent donc la

structure, la réductibilité et l'activité des catalyseurs supportés de nickel. Par

conséquent, il est très difficile d'obtenir des catalyseurs au nickel bien dispersés, avec

des particules métalliques de taille définie et de forme homogène.

Récemment, des méthodes nouvelles de préparation des catalyseurs de nickel ont

été mises en oeuvre. L'une d'elles est la réduction chimique d'un sel de nickel par

l'hydrazine en milieu aqueux. Des travaux récents ont montré l'intérêt de travailler en

milieu aqueux comme solution pratique à l'avenir en catalyse homogène et hétérogène.

Ceci nous a incités à entreprendre une étude des nanoparticules de nickel obtenues par

la réduction de sels de nickel par l'hydrazine et stabilisés sur divers supports.

Il est bien connu que l'activité d'un catalyseur au nickel dépend de la nature du

support qui peut modifier les propriétés de la phase active. Les propriétés physiques et

chimiques du support, son acidité, la réductibilité et l'intensité de l'interaction avec la

phase active jouent un rôle crucial dans la chimie complexe des catalyseurs supportés de

nickel.

Les oxydes non réductibles tels que Si02 et Ah03 ont été largement étudiés et

ont été trouvés très actifs dans les réactions d'hydrogénation. Les oxydes réductibles tels

que Ce02 et Nb20 s sont généralement reconnus pour être de bons candidats comme

modèles dans l'étude des interactions fortes entre le support et le métal. Pour

comparaison, le charbon actif a été également employé comme support de catalyseurs

au nickel. L'utilisation du charbon actif comme support en catalyse s'accroît et cela est

dû aux avantages qu'il offre par rapport aux oxydes traditionnels. Matériau bon marché

et relativement inerte, le charbon actif montre une grande stabilité en milieu acide ou

basique et possède une superficie élevée et des groupes fonctionnels riches en oxygène.

Dans le cas de catalyseurs bimétalliques, il été démontré que l'incorporation

d'un second métal conduit à des performances nettement supérieures à celles du

catalyseur monométallique. Nous avons utilisé l'argent comme additif pour modifier les
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INTRODUCTION

propriétés de surface et catalytiques du nickel supporté. Les nanoparticles Ni-Ag

synthétiques n'ont, jusqu'à présent, suscité que peu d'intérêt dans la littérature.

L'activité des catalyseurs préparés a été étudiée dans la réaction d'hydrogénation

du benzène en phase gazeuse. Cette réaction est employée couramment afin de

caractériser divers systèmes catalytiques métalliques. C'est également une réaction très

importante dans l'industrie chimique. En outre, les contraintes environnementale

croissantes ont eu comme conséquence la nécessité d'éliminer le benzène, un

carcinogène connu, dans les dissolvants et les carburants automobiles.

Ces dernières années, la production d' «énergie verte» est l'objet d'une très

grande attention. C'est le cas de l'hydrogène, dont l'un des problèmes majeurs est le

stockage. Du point de vue pratique, le stockage d'hydrogène dans les matériaux poreux

semble être une solution idéale. Dans ce sens, il y a un intérêt expérimental et théorique

considérable pour l'utilisation des matériaux carbonés nano-structurés synthétiques en

tant que sorbants potentiels d'hydrogène. Malheureusement, ces matériaux contiennent

des métaux (Fe, Co, Ni, Cu), utilisés dans le processus de leur synthèse et non éliminés

pendant l'étape de purification. D'ailleurs, le traitement de purification lui-même mène à

l'effondrement partiel de la nanostructure et à la formation de carbone amorphe.

Ces données nous ont incité à étudier des catalyseurs de nickel supporté sur un

charbon actif commercial amorphe, comme matériaux pour le stockage de l'hydrogène.

Le charbon actif est un matériau bon marché par rapport aux matériaux synthétiques

nano-structurés du carbone. Le nickel est un métal employé couramment dans

l'industrie.

Dans cette thèse nous avons exploré plusieurs facteurs déterminant les propriétés

de surface et catalytiques des catalyseurs supportés de nickel non classiques, préparés

en utilisant l'hydrazine comme réducteur. Ces facteurs sont: les conditions de la

préparation des catalyseurs, la nature du support ou du précurseur métallique et la

charge en métal. Les résultats obtenus sont comparés à ceux de catalyseurs

conventionnels.

La présentation des résultats de ce travail est divisée en dix chapitres.

Une étude bibliographique est présentée dans le premier chapitre.

Toutes les méthodes et techniques utilisées dans la thèse sont rapportées dans le

deuxième chapitre. Les catalyseurs préparés ont été caractérisés par différentes

méthodes: Diffraction des Rayons X (DRX), Microscopie Electronique à Transmission

4



INTRODUCTION

(MET) ou à Balayage (SEM), Cartographie X, Microanalyse X (EDS), Spectroscopie

des Photons X (XPS), Spectroscopie Infra-rouge à Transfonnée de Fourier (FTIR),

adsorption et désorption de N2 à basse température, Réduction en Température

Programmée sous hydrogène (H2-TPR), Adsorption d'Hydrogène, Thennodésorption

d'hydrogène en Température Programmée (H2-TPD), Décomposition de l'Isopropanol.

Le troisième chapitre comporte la préparation et la caractérisation des

catalyseurs de nickel supportés sur y-Ahü3 et Si02 amorphe. Deux méthodes

d'imprégnation ont été employées. La simple imprégnation (SIM) et la double (DIM)

imprégnation par l'EDTA sont comparées. La méthode non classique de réduction par

hydrazine est comparée à la méthode conventionnelle. Enfin, les catalyseurs préparés

ont été étudiés dans la réaction d'hydrogénation de benzène en phase gazeuse.

Les quatrième et cinquième chapitres sont relatifs à la préparation et à la

caractérisation des particules de nickel supportées sur les oxydes réductibles. Deux

oxydes sont étudiés : Nb20 s et Ceü2. Dans le cas des catalyseurs au niobium, les

méthodes d'imprégnation SIM et DIM ont été employées. Les interactions fortes nickel­

Nb20 S ont été étudiées. Les catalyseurs non classiques réduits par l'hydrazine sont

comparés aux catalyseurs préparés classiquement. Dans le cas des catalyseurs non

classiques de nickel supportés sur la cérine, l'effet du pourcentage de nickel a été étudié.

Les deux séries de catalyseurs ont été étudiées dans la réaction d'hydrogénation de

benzène.

Le sixième chapitre est consacré aux catalyseurs bimétalliques nickel-argent.

Les catalyseurs ont été préparés par réduction chimique avec l'hydrazine. Des

catalyseurs avec différents rapports nickel-argent ont été étudiés. Deux silices

différentes utilisées comme supports du nickel sont comparées. L'étude approfondie de

l'effet d'addition de l'argent a été effectuée. Deux modes opératoires de réduction ont

été comparés: réduction du nickel supporté et réduction/précipitation du nickel.

L'activité des catalyseurs a été également examinée dans la réaction d'hydrogénation de

benzène.

Le septième chapitre porte sur la préparation et la caractérisation de catalyseurs

de nickel supportés sur charbon actif. Les effets du précurseur métallique et de la charge

en nickel ont été étudiés. Différentes méthodes ont été utilisées pour la préparation des

catalyseurs. Les catalyseurs classiques sont comparés à leurs contreparties non

classiques préparés avec l'hydrazine. L'activité catalytique a été étudiée dans la réaction
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de l'hydrogénation du benzène en phase gazeuse. L'effet «spillover» de l'hydrogène

sur l'activité a été étudié par la dilution de catalyseur par le support.

La huitieme partie de cette thèse est consacrée à l'étude du stockage de

l'hydrogène à température ambiante et haute pression. Les catalyseurs utilisés sont ceux

décrits le Chapitre VII Nous avons étudié plusieurs facteurs qui déterminent le niveau

de stockage: la méthode de préparation, la nature du précurseur métallique et le

pourcentage de nickel ainsi que la dilution du catalyseurs par le support. Le mécanisme

de stockage via le phénomène de spillover est proposé et discuté.

Finalement, tous les résultats sont rassemblés et discutés dans le Chapitre IX.

Par ailleurs, nous avons collaboré à l'étude de catalyseurs de nickel supportés

sur Ce02 et préparés par radiolyse y par Sabah Chettibi (Université de Constantine).

Nous avons examiné leur réactivité vis-à-vis de hydrogène et dans l'hydrogénation du

benzène. Les résultats obtenus seront présentés dans la thèse de Sabah Chettibi en mai

2006. La publication commune est rapportée dans l'Annexe.
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Supported nickel catalysts have been widely studied due to their very high

activity in the hydrogenation and hydrotreating reactions. GeneralIy, the nickel catalysts

are obtained by the reduction of impregnated solid under hydrogen flow at relatively

high temperatures. Very often the reduction is preceded by the high temperature heat

treatment called calcination. AlI these treatments influenced on the structure,

reducibility and activity of the nickel supported catalysts. Therefore, it is very difficult

to obtain well dispersed catalysts homogeneously shaped and sized nickel partic1es.

Moreover the high temperature treatment gives rise to strong metal support interactions.

Recently the new methods of preparation of nickel catalysts have been

established. One of them is the chemical reduction of nickel salt by hydrazine in

aqueous media. Recent works have pointed out the interest of working in aqueous

medium as a practical solution for the future in homogeneous and heterogeneous

catalysis. This prompted us to undertake a study of nickel nanopartic1es obtained by the

reduction ofnickel salts by hydrazine and stabilized on different supports.

As to the choice of the support, it is known that the activity of the nickel catalyst

depends on the support nature which may modify the properties of the active phase.

Both physical and chemical properties of the support, its acidity, reducibility and the

extent of interaction with the active nickel phase play a crucial role in the complex

chemistry of the supported nickel catalysts. Non reducible oxides such as Si02 and

Ab03 have been widely studied and they were found very active in the hydrogenation

reactions. Reducible oxides such as Ce02 and Nb20 s are generally acknowledged are

good candidates to exhibit strong metal support interaction. To compare with nickel­

oxide support interaction, the activated carbon was also used as the nickel support. The

use of activated carbon as a catalyst support is increasing due to the advantages it offers

as compared to traditional oxides. Cheap and relatively inert material, activated carbon

exhibits stability in acidic or basic media, a high surface area and oxygen-containing

functional groups.

In case of the bimetallic catalysts it has been demonstrated that even with small

partic1es bimetallic c1usters are vastly superior to their monometallic counterparts. We

used silver as an additive to modify the surface and catalytic properties of supported

nickel. Ni-Ag synthetic nanopartic1es have not still received much attention.
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Activity of the prepared catalysts was studied in the gas phase hydrogenation of

benzene reaction. This reaction is widely used in several studies in order to characterize

various catalytic systems. It is also a very important reaction in chemical industry. In

addition, increasing environmental awareness has resulted in the need to remove

benzene, a known carcinogen, from solvents and transportation fuels.

In recent years the production of "green energy" has obtained much attention.

From the practical point of view, the hydrogen storage in the porous materials seems to

be an ideal solution. Aiso there has been considerable experimental and theoretical

interest in the use of synthetic nano-structured carbon materials as potential hydrogen

sorbents. Unfortunately, these materials contain metals (Fe, Co, Ni, Cu), used in the

synthesis process and not removed during the purification step. Moreover, the

purification treatment leads to the partial coHapse of the nanostructure and formation of

amorphous carbon. This prompted us to study nickel catalysts supported on an

amorphous commercial activated carbon as materials for hydrogen storage. Activated

carbon is a cheap material as compared to nano-structured synthetic carbon materials.

Nickel is a metal widely used in the industry.

In this study we explored several factors determining the surface and catalytic

properties of the supported nickel catalysts prepared by the hydrazine method. These

factors are the conditions of catalyst preparation, the nature of the support or of the

metal precursor and the metal loading. The results obtained are compared to that of

conventional catalysts.

The presentation of the results of the work undertaken is divided into nine

chapters.

A literature survey is presented inthe first chapter.

AH methods and techniques used in the thesis are reported in the second chapter.

Prepared catalysts were characterized by different methods such as: XRD, XPS, low

temperature adsorption and desorption of N2, FTIR-pyridine adsorption, skeleton IR,

TEM, SEM, X mapping, EDS, H2-TPR, H2-chemisorption, H2-TPD, isopropanol

decomposition

The third chapter comprises the preparation and characterization of the nickel

catalysts supported on the commercial y-Ab03 and amorphous Si02 with high surface

area. Two methods of impregnation were used. Simple impregnation method (SIM) and

Double impregnation method (DIM) are compared. The comparison between classical

method of reduction (in hydrogen flow) and non classical hydrazine reduction method is

8
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made. Finally the prepared catalysts are studied in the gas phase benzene hydrogenation

reaction.

The fourth and fifth chapters contain the preparation and characterization of the

nickel partic1es supported on the reducible oxides. Two oxides are studied: CeOz and

NbzOs. In case of the niobia supported catalysts, the SIM and DIM methods of

impregnation were used. The strong nickel-niobia interactions were studied. The non

c1assical catalysts reduced by hydrazine are compared to the c1assically prepared

catalysts. In case of the non c1assical nickel cerium catalysts, the effect of nickel content

was studied. Prepared catalysts were studied in the benzene hydrogenation reaction.

The sixth chapter is consecrated to the bimetallic nickel-silver catalysts. The

catalysts were prepared by the chemical reduction with hydrazine. The catalysts with

different nickel-silver ratios were studied. Two different silicas used as nickel supports

are compared. The deep study of silver effect was done. The comparison between

impregnation and precipitation preparation methods is made. The activity of the

catalysts was also examined in the benzene hydrogenation reaction.

The seventh part comprises the complete study of the nickel supported on

activated carbon. The effects of nickel precursor and nickelloading have been studied.

Moreover the different methods of preparation were used. The c1assical catalysts are

compared to their non c1assical counterparts. The effect of the hydrogen spillover on

catalysts activity was studied by the dilution of the nickel catalysts with the carbon

support. The activity of the catalysts was studied in the benzene hydrogenation reaction.

The eighth part of this thesis is consecrated to the hydrogen storage study on the

nickel supported on activated carbon catalysts. The study of hydrogen storage at room

temperature was studied on the catalysts characterized in Chapter VII. We explored

several factors determining the level of storage: method of catalyst preparation, nature

of the metal precursor, metalloading and support catalyst dilution. The mechanism of

hydrogen storage via spillover phenomenon is proposed and discussed.

Finally, aH the results obtained are discussed and summarized in the ninth

chapter.

We collaborated to the study of CeOz supported nickel catalysts prepared by y­

radiolysis by Sabah Chettibi (Contantine University). We examined the reactivity

towards hydrogen and in benzene hydrogenation of these catalysts. The results obtained

will be fully presented in the PhD Thesis of Sabah Chettibi. We report the common

publication in Annex.
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LITERATURE REVIEW

1. Nanoscale level

The recent definition ofnanotechnology was done by National Nanotechnology

Initiative (NNI) [1-2] in 2000. The essence of nanotechno10gy is the abi1ity to work at

the mo1ecu1ar 1eve1, atom by atom, to create large structures with fundamentally new

mo1ecu1ar organization.

Nanoscale level is bridging the gap between mo1ecular leve1 system design and

single crystal based solid state devices. In this Nanoscale regime, c1assical laws of

physics which are valuable for bulk materials are no longer applicable by quantum

mechanical rules [3]. Key to understanding the unique power and potential of nanotech

is that, at the nanosca1e (below about 100 nanometres), a material properties can change

dramatically-these unexpected changes are called "quantum effects." With only a

reduction in size and no change in substance, materials can exhibit new properties such

as electrical conductivity, elasticity, greater strength, different colour and greater

reactivity-characteristics that the very same substances do not exhibit at the micro or

macro scales [3].

1.1. Nanomaterials

Nanostructured materials may be defined as those materials whose structural

elements-c1usters, crystallites or molecules-have dimensions in the 1 to 100 nm

range [4-5]. The explosion in both academic and industrial interest in these materials

over the past decade arises from the remarkable variations in fundamental electrical,

optical and magnetic properties that occur as one progresses from an "infinitely

extended" solid to a partic1e of material consisting of a countable number of atoms [4].

The recent interest in nanoscale properties of condensed matter is directly corre1ated to

the appearance of surface effects when one or more dimensions are reduced below a

critical1ength sca1e.

Two key factors controlling the properties of nanomateria1s are the size and surface

characteristics of nanopartic1es [6-8]. These two factors are interrelated because the

surface to volume (SIV) ratio increases as the size decreases [9]. Because surface atoms

tend to be coordinative1y unsaturated, there is a large energy associated with this

surface. The smaller the nanocrystal, the larger the contribution made by the surface
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energy to the overall energy of the system and, thus, the more dramatic the melting

temperature depression [9].

Many names and labels have been used during the evolution of nanostructured

materials. However the strict definitions have been presented [12]:

- Cluster - a collection of units (atoms or reactive molecules) of up to about 50 units.

Cluster units are such moieties surrounded by a ligand shell that allows isolation

of a molecular species (stable, isolable and soluble)

- Colloid - a stable liquid phase containing particles in the 1 - 1000 nm range

- Nanoparticle - a solid particle in the 1 - 1000 nm range that could be nanocrystalline,

an aggregate of a crystallites or a single crystallite

- Nanocrystal- a solid particle that is a single crystal in the nanometer size range

- Nanostructured material - any solid material that has a nanometer dimension.

Nanomaterials with three, two and one dimension are referring to as particles,

thin films and thin wires, respectively

- Nanophase material- the same as nanostructured material

Quantum dot - a particle that exhibits a size quantization effect III at least one

dimension

According to Pomogailo [13], nanoparticles with regard to their size may be

divided into three following types:

- Nanometric (ultradispersed) particles with size ranging from 1 to 35-50 nm

- Highly dispersed - particles with size ranging from 30-50 to 100-500 nm

- Micrometrie - this type of particles composed of individual particles and their

aggregates with size ranging from 100-500 to 1000 nm

1.2. Metal nanopartides

Metallic nanoparticles exhibit unusual optical, thermal, chemical and physical

properties that are due to a combination of large proportion of high energy surface

atoms compared to the bulk solid and to the nanometer scale mean free path of an

e1ectron in a metal [14]. Synthesis of metal nanoparticles has received considerable

attention in the past two decades in view of the potential application for these new
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materials. There are generally two routes for preparation of nanoscale partic1es: top­

down and bottom-up. Top down methods reduce macroscopic partic1es to the nanosize

scale, e.g. by the mechanical grinding ofbulk materials, while bottom-up methods start

with atoms that aggregate in solution or even in the gas phase to form partic1es of

definite size under appropriate experimental conditions [12]. Top-down processes are

hardly suited for preparing partic1es with uniform shape and partic1e size smaller than

about 100 nm. However, bottom-up routes are much better for generating uniform

partic1es with distinct size, shape and structure [12].

Nanopartic1es have been synthesized by a variety of methods [11]. Common

synthetic techniques for semiconductor nanopartic1es employ the use of constrained

environments, such as inverse micelles [15-18] ; capping agents, which arrest the

growth of partic1es when they reach a certain size [19]; ionomers [20] and gels [19];

solid polymer environments [21-22]; or dendrimers [23]. For transition metal

nanoc1usters, however, sorne authors [24] points out that there are five general synthetic

methods; the key requirement of each is that it results in the "facile deposition of

metallic precipitates" [11]. These five methods are [11]:

transition metal salt reduction,

thermal decomposition and photochemical methods,

ligand reduction and displacement from organometallics,

metal vapor synthesis.

y-radiolysis

Especially the chemical reduction of metals salts from the solution or

suspensions methods have been most extensively studied. The chemical precipitation

from solutions is again probably the most versatile, economical and easy to perform

procedure [25]. However, preparation techniques, especially of very small partic1es,

involving the use of high concentrations of surfactants, such as precipitation in

microemulsions, etc. The solution route to synthesize finely dispersed metal powders

can be conducted in two distinct ways [26]: (i) direct precipitation of partic1es from

homogeneous solutions using appropriate reducing agents, and (ii) preparation of finely

dispersed partic1es of metal compounds, followed by subsequent conversion to metals

of essentially the same shape through reduction in solution or gas phase, at ambient or

elevated temperature and pressure [26].

The reduction of oxidized metallic species leading to neutral atoms, the building

blocks of metal partic1es, is the result of redox reactions in which electrons from a
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reducing agent are transferred to the metal according to the following schematic

chemical equation (1) [26]:

mMen
+ + nRed ~ mMeO + nOx (1)

The driving force of the reaction is the difference between the redox potentials of the

two half cell reactions, .6.E. The reduction reaction is therrnodynamically possible only

if .6.E is positive, which implies that the redox potential of the reducing agent must have

a more negative value than that of the metallic species [26]. This difference should be

larger than 0.3- 0.4 V; otherwise, the reaction may not proceed or proceed too slowly to

be of any practical importance. Thus, strongly electropositive metals like Au, Pt, Pd,

Ag, Rh will react even with mild reducing agents under ordinary conditions, while more

electronegative metals like Ni, Co or Mo require very strong reducing agents and,

frequently, extreme conditions of temperature and pressure [26].

Table 1-1. Reducing agents and reaction conditions

in the metalparticle preparation [26J.

Reaction
Metal species Reducing agent Conditions

rate

A 3+ A + Pt4+ Organic acids, alcohols, polyols, Moderateu , u, ,

Pt2+ Pd2+ A + sugars, aldehydes, N2H4, 298-343 K or, ,g ,

Rh3+,H~+,Ir3+ bomnes, NaBH4, H2S03' H3P02 fast

C 2+ R 3+ R 3+
Moderate

u , e , u Polyols, sugars, N2H 4, aldehyds 343-393 K
or slow

Cd2+ C 2+ N"2+, 0 , l ,

F2+ M 3+ I 3+ Moderate
e, 0, n , Polyols, N2H4, NaBH4, boranes 298-433 K

Sn2+, W+
or slow

Cr3+ Mn2+, ,
NaBH4, boranes T,P » ambient Slow

Tas+, V2+
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The selection of an appropriate reducing agent and working conditions listed in

Table 1-1 is applicable only for uncomplexed metal ions. If metallic species are

involved in the formation of solute complexes or compounds, the standard redox

potential, will be lower [26]. The decrease in the potential depends on the stability of

these complexes or compounds, as reflected in the value of the stability constant, or the

solubility product. The consequence of this effect is a drastic limitation in the choice of

reducing agents capable of reducing a metal and the need for harsher conditions as the

stability of its complex increases [26]. On the other hand, changing the value of ~E

through skillful manipulations of metal complex chemistry can be used to tailor the

reactivity of the species in a given metal-reducing-agent system. The formation of

different complexes is not the only tool available to alter the reactivity of a metal

through ~E manipulations [26]. The majority of redox systems in aqueous solutions

involve H+ and OR ions. As a result, the pH of the reaction medium can have a major

impact upon the redox potential of the solutes, as predicted by the Nernst equation.

Since metal species and reducing agents can be affected simultaneously by the pH, the

overall effect upon ~E and, consequently, the reduction process may be rather involved

[26].

1.3. Nickel nanopartides

Among the various kinds of metal nanopartic1es, the preparation of sorne metal

nanopartic1es such as nickel are relatively difficult because they are easily oxidized

[27]. Recently fme nickel powder has been studied extensively because of its potential

applications such as conducting paints, rechargeable batteries, magnetic recording

media and catalysts [28]. Several methods such as hydrogen arc plasma [29],

borohydride reduction of metal salt [30-31], y-ray irradiation [32-34], sonochemical

[35] and thermal decomposition of organic nickel complexes [36-39] and chemical

reduction with hydrazine in aqueous [40-44] and non-aqueous [27-28, 45-48] media

have been used for preparation of nickel nanopartic1es with nanometer size. As the need

for desired properties of nickel powder and economical aspects of process, the chemical

reduction method seems to be especially interesting. The soft reduction with hydrazine

in aqueous media has been researched due to the good solubility of the nickel salt in

water, low reaction temperature and simple procedure. In this method, the morphology

of the nickel partic1es such as shape, size and size distribution of partic1es can be
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relatively easy controlled by the reaction parameters, solvent composition, a nuc1eation

agent and a surfactant [28, 49-50].

Degan and Macek [51] used hydrazine as a reducing agent to prepare nickel

powders in the submicrometer size range from nonaqueous solutions of nickel salts. The

rate and yield of the reaction were both enhanced at higher reaction temperatures but

were limited by the relatively low boiling point of water. Nickel powders with mean

partic1e sizes ranging from 0,1 to severalllm and with up to 99,8% purity were obtained

by this method. Chen [52] used a hydrazine for reducing nickel salt in water or n­

hexanol solutions in the presence of cetyltrimethylammonium bromide (CTAB). The

average diameter of nickel nanopartic1es was found to decrease with the increase of

hydrazine concentration and approached to a constant value when hydrazine

concentration was above 0.5 M. Since a minimum number of atoms were required to

form a stable nuc1eus, a collision between several atoms must occur for a nuc1eation.

However, the probability was much lower than the probability for the collision between

one atom and a nuc1eus already formed [53]. That is, once the nuc1ei were formed, the

growth process would be superior to the nuc1eation. In addition, the resultant

nanopartic1es were essentially monodispersed. Therefore, it might be suggested that all

of the nuc1ei were formed almost at the same time and grew at the same rate [53]. The

number of the nuc1ei formed at the very beginning of the reduction determined the

number and size of the resultant partic1es. At a low hydrazine concentration, the

reduction rate of nickel chloride was slow and only few nuc1ei were formed at the early

period of the reduction [53]. The atoms formed at the later period were used mainly to

the collision with the nuc1ei already formed instead of the formation of new nuc1ei and

therefore led to the formation of larger partic1es. With the increase of hydrazine

concentration, the enhanced reduction rate favored the generation of much more nuc1ei

and the formation of smaller nanopartic1es [53]. When the concentration ratio of

hydrazine to nickel was large enough (>10), the reduction rate of nickel chloride was

much faster than the nuc1eation rate and almost all nickel ions were reduced to atoms

before the formation of nuc1ei. The nuc1eation rate was not further raised, and the

number ofnuc1ei held constant with the increase of hydrazine concentration [53]. It was

also found [52] that the average diameter ofnickel nanopartic1es was not effected by the

increase of nickel chloride concentration when the nickel chloride was below 0.1 M.

The results revealed that the size of nickel nanopartic1es was not affected significantly

by the nickel concentration when the hydrazine concentration was large enough.
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Nagy [54] reported that the average diameter of both the nickel boride

nanopartic1es prepared in the water-CTAB-n-hexanol microemulsion system decreased

first and then increased with the increase of their corresponding metal salt

concentrations. They considered that the formation of the relatively large partic1es at

low ion concentration was due to the fact that only few water pools contained the

minimum number of ions required to form a nuc1eus, and hence only few nuc1ei were

formed at the very beginning of the reduction. When the ion concentration increased,

they found that the number of nuc1ei obtained by reduction increased faster than the

total number of ions, and hence the partic1e size decreased [54].

1.4. BimetaHic nanopartides.

Bimetallic nanopartic1es, composed of two different metal elements, are of

greater interest than monometallic ones, from both the scientific and technological

views, for the improvement of the catalytic properties of metal partic1es [55]. This is

because bimetallization can improve catalytic properties of the original single-metal

catalysts and create a new property, which may not be achieved by monometallic

catalysts. These effects of the added metal component can often be explained in terms

of an ensemble and/or a ligand effect in catalysis [55].

As the name implies, bimetallic nanopartic1es are metallic entities comprising

atoms of two different metallic elements. Compared with monometallic nanopartic1es,

bimetallic nanopartic1es are of special interest for several reasons. First, they may serve

as models for studying the formation of different alloys. Second, these bimetallic

partic1es may have more varied properties than monometallic partic1es as various

combinations are possible. It is well established that the catalytic properties of the

monometallic partic1es, inc1uding activity, selectivity or resistance to deactivation, can

be altered by the addition of the second meta1. Third, bimetallic partic1es could have

particular structures not seen in bulk alloys, such as core-shell, c1uster-in-c1uster,

separate, random structures, etc [12].

It is well known that the precipitation of a solid from a solution proceeds in two

steps: nuc1eation and partic1e growth [56]. During the nuc1eation step nuc1ei are formed

by a stepwise bimolecular addition of monomeric entities of the solute. In order to

initiate the spontaneous growth of stable partic1es the small aggregates which form the

nuc1ei have to reach a critical size. If these nuc1ei appear spontaneously without the
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promoting effect of impurities the nucleation is called homogeneous [56]. In order to

obtain monodisperse particles a first general condition must be fulfiIled: nucleation and

growth must be two completely separated steps. In case of the preparation of the

bimetallic CoNi particles the heterogeneous nucleation can be achieved by forming in

situ seed particles for example by adding, before the spontaneous nucleation takes

place, a solution of silver nitrate which is readily reduced in the conditions of reduction

of Co and Ni precursors and forms tiny metallic silver particles acting as foreign nuclei

for the subsequent growth of Co and Ni particles. The addition of silver nitrate in the

medium shortens the reaction time and makes easier the formation of monodisperse

CoNi powders with a better reproducibility. Fievet et al. [56] showed that the bimetallic

powders obtained from homogeneous nucleation exhibit a low degree of agglomeration,

the particles are quasi spherical with a mean diameter in the micrometer size range

(generally 1 ~m 2 ~m) and a narrow size distribution. Bimetallic particles obtained

from heterogeneous nucleation exhibit a very narrow size distribution and a mean size

in submicrometer range. By varying the amount of the silver nitrate, the final particle

size has been varied in the range 0,1 - 1 ~m. From a simple model in which (i) silver

nuclei are supposed to be independent of the amount of AgN03 introduced and (ii) no

agglomeration is supposed to take place during the growth step (each metallic particle is

issued from a single silver nucleus), it has been shown that the mean diameter of the

final particles is expected to be proportional to C-l/3 where C is the molar ratio Ag/[Co +

Ni].

It is weIl known that Ag and Ni are insoluble in the liquid as weIl as a solid state

[57]. However, there have been report of existence of a separate alloy phase with a fcc

structure and a lattice parameter between that of silver and nickel [58-59]. Poondi et al.

[60] have obtained metastable alloys of silver and nickel using a laser liquid-solid

interaction technique. The shape of the particles was found to be dependent on laser

parameters and the chemical composition of the precursor solution. The Ag/Ni alloy

formation was also observed by Kumar et al. [57] in thermally evaporated stearic acid

film. This formation occurred at the low temperature of 373 K. Authors proposed that

the silver and nickel particles could grown simultaneously in the fatty acid matrix and a

low temperature heat treatment of the nanoparticle film at 373 K resulted in the

formation of a crystalline Ag-Ni alloy phase [57].
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2. Supported nickel particles

The goal of a catalyst manufacturer is to produce and reproduce a commercial

product which can be used as a stable, active and selective catalyst. To achieve this

goal, the best preparative solution is sought which results in sufficiently high surface

area, good porosity, and suitable mechanical strength [61]. The fIfst of these, surface

area, is an essential requirement in that reactants should be accessible to a maximum

number of active sites. The properties of a good catalyst for industrial use may be

divided, at least for the purpose of easy classification, into two categories [61]:

properties which determine directly catalytic activity and selectivity,

here such factors as bulk and surface chemical composition, local

microstructure, and phase composition are important;

properties which ensure their successful implementation in the catalytic

process, such as thermal and mechanical stability, porosity, shape, and

dimension of catalyst particles enter.

The requirements which are fundamental for catalyst performance generally

require a compromise in order to produce a material which meets the contradictory

demands imposed by industrial processes [61]. An acceptable solution is typically

ascertained by a trial-and-error route. Catalytic materials become catalysts when they

are used in industrial processes. A way this can be realized occurs when the variety of

methods used to prepare catalytic materials are viewed in relation to their successful

implementation in commercial applications [61].

2.1. Supports for nickel particles

Supported nickel catalysts have been widely studied in the heterogeneous

catalysis. Supported catalysts consist of an active phase dispersed on a carrier [62-66].

The catalytic reaction takes place at the internaI surface (i.e. in the pores) ofthe catalyst

[67]. Good supports combine relatively high dispersion with a high degree of thermal

stability of the catalytic component [62-63, 66]. Furthermore, the support should enable

the production of a large shaped particle composed of very small easily sintered crystals

of active phase which are prevented from coalescing by being separated by the support

component [67]. The various supports have been already used as a nickel carrier. The

supports the most widely utilized are the non reducible oxides such as Si02 [68-71],
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Ab03 [72-75], or the zeolites [76-77] and mesoporous materials e.g. MCM-41 and

AIMCM-41 [78-81]. In case of the reducible oxides the Ti02 [82-83], Ce02 [84-85],

and Nb20 s [86-87] are the most popular. Moreover the non oxide carriers such as active

carbon [88-89], were also studied. The supports used in this thesis are briefly described

below.

2.1.1. Cerium (IV) oxide - Ce02

Cerium (IV) oxide is a stable yellow oxide with a cubic fluorite structure (Figure

1-1). It has been extensively studied because ofits interesting redox and high dispersive

properties. Ce02 is able to change reversibly from CeN
, under oxidizing conditions to

CeIII (giving Ce203), under reducing conditions [90]. Oxygen atoms in Ce02 units are

very mobile and leave easily the ceria lattice, giving rise to a large variety of non­

stoichiometric oxides with two limiting cases Ce02 and Ce203 [90]. The oxygen

vacancies are responsible for the ionic conductivity of the ceria. Ceria has an insulator

behavior in the stoichiometric oxidized state Ce02 and becomes conductor in the

reduced state Ce02_x, acquiring a great capacity to store and to carry oxygen. It was

studied in particular in the aim to be used in the automobile emission control system

[91].

Figure 1-1. Structure ofthe cerium (IV) oxide [92J.
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2.1.2. Niobium (V) oxide - Nb20s

Hydrated niobium pentoxide (Nb20s*nH20) which is usually called niobic acid

has strong acidic properties on the surface and is used as solid acid catalyst. In

particular, niobic acid containing large amounts of water exhibits high catalytic

performances for acid-catalyzed reactions in which water molecules participate or are

liberated [93]. Generally, hydrated niobium oxide crystallizes at 853 K, and its strong

acid property disappears when it is heated to temperature higher than 800 K [94]. It

possesses both Lewis acid sites and Bf0nsted acid sites on its surface.

Niobium (V) oxide is a white, air stable and water insoluble solid. It may be

described as amphoteric but is more characteristicly inert. Its structure is extremely

complicated and displays extensive polymorphism. Nb20 S is probably comprised of

Nb06 octahedrons connected by edges and corners [94]. Figure 1-2 shows a model of

Nb20 S structure.

Figure 1-2. Model ofNb20 s structure {92J.

High temperature reduction (1073-1573 K) of Nb20 S with hydrogen gives the

bluish black dioxide Nb02 that has a distorted rutile structure and is diamagnetic. This
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reduction is reversible. Further reduction of Nb20 S (1573-1973 K) produces the gray

monoxide NbO that has a cubic structure [94].

2.1.3. Silicon (IV) oxide - SiOl

Silicon dioxide (silica) is one of the most commonly encountered substances in

both daily life and in electronics manufacturing. Crystalline silicon dioxide (in several

forms: quartz, cristobalite, tridymite) is an important constituent of a great many

mineraIs and gemstones, both in pure form and mixed with related oxides. Si02 is

formed by strong, directional covalent bonds, and has a well-defined local structure:

four oxygen atoms are arrayed at the corners of a tetrahedron around a central silicon

atom. The structure of the crystallized Si02 is shown in Figure 1-3. The oxygen atoms

are electronegative, and sorne of the silicon valence electron density is transferred to the

oxygen neighbors, but it is incorrect to regard the material as a salt of a Si[+4] ion with

ü[-2] ions: the directionality of the bonds is essential to the observed structures. The

bond angles around O-Si-O are essentially the tetrahedral angle, 109 degrees; the Si-O

distance is 1.61 A (0.16 nm) with very little variation. The result ofthis flexibility in the

bridge bonds is that Si02, while it has many different possible crystalline structures, can

very easily form amorphous materials [95].

Figure 1-3. Model ofthe quartz (Si02J structure [92J.
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Compared to the others oxides the surface of the Si02 is almost inert. The silanol

groups present on the surface have a low acidity. The complete dehydroxylation of

silica surface occurs at high temperature (973 K). Under this thermal treatment the

chemical reaction between the silanol groups occurs provided the siloxane group (Si ­

o - Si) formation [98].

The amorphous silica (Fig 1-4 and 1-5) is usually obtained by the high

temperature treatment of silica hydrogel to obtain an aerogels. Silica aerogels contain

primary partic1es of 2-5 nm in diameter. Silica partic1es of such a small size have an

extraordinarily large surface-to-volume ratio (~2 x 109 m-1
) and a corresponding high

specifie surface area (~900 m2/g). The chemistry of the interior surface of an aerogel

plays a dominant role in its chemical and physical behavior. It is this property that

makes aeroge1s attractive materials for use as catalysts support [96].

Arnorphou.s
silica oxide

Figure 1-4: Model of{Si04J tetrahedron arrangement in silica gel {97J.

The nature of the surface groups of a silica aerogel is strongly dependent on the

conditions used in its preparation. The extent of hydroxyl coverage is ~5 -OH/nm2
, a

value consistent with other forms of silica. This value, combined with their high specifie

surface area, means that silica aerogels present an extremely large number of accessible

hydroxyl groups. Silica aerogels are therefore a somewhat acidic material. A more

striking effect of the hydroxyl surface is seen in the physical behavior of silica aerogels.
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Figure /-5. ModeZ ofthe amorphous (Si02) structure [92J.

As with most hydroxyl surfaces, the surface of silica aerogels can show strong

hydrogen-bonding effects. Because of this, silica aerogels with hydroxyl surface are

extremely hygroscopie. Dry silica aerogels will absorb water directly from moist air,

with mass increases of up to 20%. This absorption has no visible effect on the aerogel,

and is completely reversible. While the adsorption of water vapor does not harrn silica

aerogels, contact with liquid water has disastrous results. The strong attractive force that

the hydroxyl surface exerts on water vapor also attracts liquid water. However, when

liquid water enters a nanometer-scale pore, the surface tension of water exerts capillary

forces strong enough to fracture the solid silica backbone. The net effect is a complete

collapse of the aerogel monolith. The material changes from a transparent solid with a

definite shape to a fine white powder. The powder has the same mass and total surface

area as the original aerogel, but has lost its solid integrity.
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2.1.4. Aluminum (III) oxide AllO]

Aluminum oxide, commonly referred to as alumina, possesses strong ionic

interatomic bonding giving rise to its desirable material characteristics. It can exist in

several crystalline phases which aIl revert to the most stable hexagonal alpha phase at

elevated temperatures. This is the phase of particular interest for structural applications.

Alpha phase alumina is the strongest and stiffest of the oxide ceramics. Its high

hardness, excellent dielectric properties, refractoriness and good thermal properties

make it the material of choice for a wide range ofapplications.

The aluminum oxides are commonly used as the supports for metal or oxides

catalysts. Especially, the gamma y-Alz03 which is stable in both oxidizing and reducing

atmospheres and at relatively high temperatures. Moreover, with an excellent

combination of these properties and an attractive price, it finds a very wide range of

applications.

Figure 1-6. Model ola-AllO] oxide crystallographic structure [92}.

Figure 1-6 shows a typical crystallographic structure of a-Alz03 with the [AI06]

octahedral groups. y-Alz03 has a defected spinel structure with the layers of 0 2
- ions in

the hexagonal packing and with the layers of A13
+ ions in the octahedral and tetrahedral

coordination. Defected spinel structure means that the 0 2
- ions have a spinel structure

but the cations deficit occurs [98].
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2.1.5. Activated carbon (AC)

The chemical nature of amorphous carbon, combined with a high surface area

and porosity, makes it an ideal medium for the adsorption and absorption of organic

chemicals. Activated charcoal is a very mature technology that is designed to remove

taste, smell and odor from gases and liquids through adsorption of the compounds that

cause problems. Activated carbon is used primarily for purifying gases by adsorption,

solvent recovery, or deodorization and as an antidote to certain poisons. Figure 1-7

shows a model of graphite structure.

Figure 1-7. Model ofthe graphite structure [92J.
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2.2. Methods of preparation of supported nickel catalysts

Methods of catalyst preparation are very diverse and each catalyst may be

produced via different routes. Preparation usuaIly involves several successive steps.

Many supported metal and oxide catalysts are prepared by the succession of

impregnation, drying, calcination and activation. The properties of heterogeneous

catalysts depend on aIl their previous history. Three fundamental stages of catalyst

preparation may be distinguished [99]:

preparation of the primary solid (or first precursory solid) associating

aIl the useful components (e.g., impregnation or coprecipitation);

processing of that primary solid to obtain the catalyst precursor, for

example by heat treatment;

activation of the precursor to give the active catalyst: reduction to metal

(hydrogenation catalysts), formation of sulfides (hydrodesulfurisation).

Activation may take place spontaneously at the beginning of the

catalytic reaction (selective oxidation catalysts).

2.2.1. Simple impregnation method (SIM)

Impregnation consists ln contacting a solid with a liquid containing the

components to be deposited on the surface. During impregnation many different

processes take place with different rates [99].

- selective adsorption of species (charged or not) by coulomb force, van der

Waals forces or H-bonds;

- ion exchange between the charged surface and the electrolyte;

- polymerisation/depolymerisation of the species (molecules, ions) atiached to

the surface;

- partial dissolution of the surface of the solid.

The type ofproduct depends on (i) the nature ofboth reactants (the liquid and the solid

surface), and (ii) the reaction conditions. The main parameters affecting the liquid are

the pH, the nature of the solvent, the nature and concentrations of the dissolved

substances. The first parameter affects ionisation and, in many cases, the nature of the

ions containing the active elements. The second and third influence solvation. The main

properties of the solid are the texture, the nature of functional groups (e.g., the number

29



LITERATURE REVIEW

and strength of the acidic and basic centres, the isoelectric point), the presence of

exchangeable ions, and the reactivity (surface dissolution in acidic or basic solution,

etc.). In the overall impregnation process the following important facts should be noted

[99]:

- the properties of the liquid in the pores are different from those measured in the

bulk;

- equilibrium between liquid and solid is slow to establish and even distribution

of attached species inside the pores is not easy to attain;

- deposition involves many different types of interaction

2.2.2. Double impregnation method (DIM)

Two or several active components are introduced sequentially. Drying (and often

calcination) takes place between the impregnations. For the second impregnation the

properties of the surface to take into account are those of the solid obtained after the

previous impregnation. In contrast to the simple impregnation method, in the DIM

procedure preparation the support is preliminarily activated (modified) using the

chelating agents such as EDTA, urea or citric acid [100-101]. This chelating compound

allows to better dispersion of metal active phase. Moreover it could be decomposed at

relatively low temperatures.

2.2.3. Precipitation method

In all precipitations it is essential to carefully control all the details of the process

inc1uding [99]:

- the order and rate of addition of one solution into the other;

- the mixing procedure;

- the pH and variation of pH during the process

- the maturation process.

Precipitation involves two distinct processes, namely nuc1eation and growth. Nuc1eation

requires that the system is far from equilibrium (high supersaturation, or, in the case of

ionic species, a solubility product far exceeding the solubility constant of the solid to be

precipitated) [99]. Growth of the new phase takes place in conditions which gradually

approach the equilibrium state. In the co-precipitation of a phase associating two (or
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several) elements, if one of them is contained in an anion and the second in a cation, the

precipitate will have a fixed or at least very inflexible composition [99]. If both are

cations (or both anions) the characteristics of the reactions with a common anion (or

cation) of the solution, the solubility constants, and the supersaturation values will all be

different, and the properties of the precipitate will change with time. Consequently, co­

precipitation does not in general give homogeneous precipitates. Methods are available

to produce homogeneous precipitates [99]. The dispersion of the precipitate changes

with the degree of supersaturation and its evolution during precipitation. Low

supersaturation leads to poody dispersed solids. Highly dispersed solids are

thermodynamically unstable and tend to lose dispersion (Ostwald ripening). This takes

place during the process of precipitation itself. If the effect is desired, a special

maturation (or ageing) step is carried out at the end of the precipitation [99].

2.2.4. Precipitation - deposition method

Precipitation-deposition method is a special technique in which an active

element (e.g. Ni) is deposited onto a carrier (e.g. Si02) in suspension in the precipitating

solution (e.g. Ni(NÜ3)2) by slow addition, or in situ formation, of a precipitating agent

(e.g. NH/). The technique takes advantage of the fact that precipitation onto the carrier

needs a lower supersaturation than formation of the new phase directly from the liquid.

It is essential to maintain supersaturation at a constant moderate level [99]. This is

achieved, as in the homogeneous precipitation technique, by decomposition of a suitable

substance (e.g. urea), which releases the precipitating agent continuously, or by

controlled and progressive addition of the precipitating agent. The technique is excellent

if the primary partic1es of the carrier are not porous (e.g. Aerosil). With a porous

support deposition takes place preferentially in the external parts [99].
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3. Hydrogen storage.

3.1. Methods and materials

Hydrogen is an ideal alternative to fossil fuels from an environmental point of

view because its combustion does not generate poIlutants such as particles, nitrogen

oxides, sulphur oxides, hydrocarbons, and carbon monoxide. From an economic point

of view, the use of hydrogen could revolutionize energy and transportation markets,

which is what generates great interest toward this fuel [103].

Hydrogen is a perfect fuel in decreasing the emissions, since when reacted with

oxygen it produces only water as a reaction product. One way to employ hydrogen is to

use a fuel ceIl, which converts the chemical energy of hydrogen directly into water,

electricity, and heat according to the reaction (2) [104]:

H 2 + !02 ~ H 20 + electricity + heat
2 (2)

However, hydrogen is not a primary source of energy since it does not exist in free

forms on Earth. Hydrogen can be found in water and several other chemical compounds

from which it has to be separated before it can be used. The energy needed for this has

primarily to be produced with renewable energy sources in order to achieve the

environmental benefits ofhydrogen [104].

The concept of hydrogen economy is based on three important aspects of using

hydrogen as the fuel for our energy needs, namely production, storage and distribution.

However, today all the three aspects have not yet reached any mature status to be

adopted and placed in position to be exploited by the society [105]. The available

technologies for hydrogen production as well as for the hydrogen storage are not

economical and the distribution infrastructure is yet to be built up [105].

Hydrogen storage basicaIly implies the reduction of the enormous volume of the

hydrogen gas. lkg ofhydrogen at ambient temperature and atmospheric pressure takes a

volume of Il m3
. In order to increase the hydrogen density in a storage system, work

must either be applied to compress hydrogen, or the temperature has to be decreased

below the critical temperature or, finally, the repulsion has to be reduced by the

interaction ofhydrogen with an other material [106]. The second important criterion of
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a hydrogen storage system is the reversibility of the hydrogen uptake and release [106].

This criterion excludes aIl covalent hydrogen carbon compounds as hydrogen storage

materials because the hydrogen is only released from carbon hydrogen compounds if

they are heated to temperatures above 1073 K or if the carbon is oxidized. There are

basically five methods in order to reversibly store hydrogen with a high volumetrie and

gravimetric density [106]:

3.1.1. High pressure gas eylinders

Compressed hydrogen seems to be the easiest method for hydrogen storage. The

most common storage systems are high pressure gas cylinders with a maximum

pressure of 20 MPa. New light weight composite cylinders have been developed which

are able to withstand a pressure up to 80 MPa and so the hydrogen can reach a

volumetrie density of 36 kg'm-3 approximatdy half as much as in its liquid form at the

normal boiling point [106]. The gravimetric hydrogen density decreases with increasing

pressure due to the increasing thickness of the walls of the pressure cylinder. Most

pressure cylinders today have used austenitic stainless steel, copper or aluminium alloys

which are largely immune to hydrogen effects at ambient temperatures [106]. However,

the CUITent state of the art in compressed hydrogen cylinders is the carbon fiber wrap

and a polymer liner. These tanks are light and robust.

o 50
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Figure 1-8. Volumetrie density ofhydrogen inside the eylinder [106J.
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Figure 1-8 shows the volumetrie density of the hydrogen inside the eylinder. The

volumetrie density inereases with pressure and reaehes a maximum above 1000 bar,

depending on the tensile strength of the material. However, the gravimetrie density

deereases with inereasing pressure [106]. Non ideal gas behaviour of eompressed

hydrogen is showed.

3.1.2. Liquid hydrogen

Liquid hydrogen is stored in cryogenie tanks at 21.2 K at ambient pressure

[106]. Due to the low eritieal temperature of hydrogen (33K) liquid hydrogen ean only

be stored in open systems, beeause there is no liquid phase existent above the eritieal

temperature. The pressure in a c10sed storage system at room temperature eould

inerease to about 104 bars. The volumetrie density ofliquid hydrogen is 70.8 kg'm-3 and

slightly higher than that of solid hydrogen (70.6 kg'm-3
) [106]. However, liquefaetion

consumes nearly 30% of the total energy eontained in the hydrogen and in addition

requires expensive equipment and energy to retain hydrogen in the liquid state. A

relative1y new way for researehers is the use of pressurized cryogenie tanks to enable

use of both eompressed hydrogen and/or liquid hydrogen, lessening the evaporation

losses assoeiated with the latter.

3.1.3. Metal hybrids

Chemieal bonding of hydrogen in solid material is expeeted to offer the highest

hydrogen density of the known storage methods. Various metals, intermetallie

eompounds and metallie alloys ean reaet with hydrogen forming, mainly solid, metal

hybrids. The reaetion of hydrogen gas with a metal is ealled the absorption process and

ean be deseribed in terms of a simplified one-dimensional potential energy eurve (one­

dimensional Lennard-Jones potential, Figure 1-9) [106].

For the practical application, the metal hydrides can be distinguished in two

groups depending on the temperature of hydrogen adsorption/desorption, below or

above 423 K. Hydrogen reacts at elevated temperature with many transition metals and

their alloys to form hydrides. The electropositive elements are the most reaetive, i.e.,

scandium, yttrium, the lanthanides, the actinides, and the members of the titanium and
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vanadium groups [106]. The binary hydrides of the transition metals are predominantly

metallic in character and are usually referred to as metallic hydrides. They are good

conductors of electricity, possess a metallic or graphite-like appearance, and can often

be wetted by mercury [106]. Many of these compounds (MHn) show large deviations

from ideal stoichiometry (n = 1,2,3) and can exist as multi-phase systems [106].

MRTAL

Figure /-9. Lennard-Jones potential ofhydrogen approaching a metallic surface

[106J.

The lattice structure is that of a typical metal with atoms of hydrogen on the

interstitial sites; for this reason they are also called interstitial hydrides. This type of

structure has the limiting compositions MH, MH2 and MH3; the hydrogen atoms fit into

octahedral or tetrahedral holes in the metal lattice, or a combination of the two types

[106]. Onlya small number of the transition metals are without known stable hydrides.

A considerable "hydride gap" exists in the periodic table, beginning at group VI (Cr) up

to group XI (Cu), in which the only hydrides are palladium hydride (PdHo.7), the very

unstable nickel hydride (NiH<l) and the poorly defined hydrides of chromium (CrH,

CrH2) and copper (CuH). In palladium hydride, the hydrogen has high mobility and

probably a very low charge density. In the finely divided state, platinum and ruthenium

are able to adsorb considerable quantities of hydrogen, which thereby becomes
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activated [106]. The most important families of hybride are the temary system ABxHN ,

where A is an element with a high affinity to hydrogen and B is an element with a low

affinity to hydrogen [106]. The A element is usually a rare earth or an alkaline earth

metal and tends to form a stable hydride. The B element is often a transition metal and

forms only unstable hydrides such as nickel which is an excellent catalyst for the

hydrogen dissociation. Sorne well defined ratios of B to A in the intermetallic

compound: x = 0.5, 1,2, 5 have been found to form hydrides with a hydrogen to metal

ratio ofup to two [106].

Sorne metal hydrides absorb and desorb hydrogen at ambient temperature and

close to atmospheric pressure. One of the most interesting features of the metallic

hydrides is the extremely high volumetrie density of the hydrogen atoms present in the

host lattice. The highest volumetrie hydrogen density known today is 150 kg'm-3 found

in Mg2FeH6 and A1(BH4)3 [106]. Metallic hydrides reach a volumetrie hydrogen density

of 115 kg'm-3 e.g. LaNis. Most metallic hydrides absorb hydrogen up to a hydrogen to

metal ratio of HlM = 2. Greater ratios up to HlM = 4.5 e.g. BaReH9, [107] have been

found, however all hydrides with a hydrogen to metal ratio of more than 2 are ionic or

covalent compounds and belong to the complex hydrides [106]. Metal hydrides are very

effective to store large amounts of hydrogen in a safe and compact way. AlI the

reversible hydrides working around ambient temperature and atmospheric pressure

consist of transition metals; therefore the gravimetric hydrogen density is limited to less

than 3 mass%. It is still a challenge to explore the properties of the light weight metal

hydrides [106].

3.1.4. Storage via chemical reaction

Storage via chemical reaction is one of the methods where hydrogen is generated

during the reaction of metals or chemical compounds with water. Metal such as sodium

or lithium, reacts with water and produces the hydrogen. This reaction is not directly

reversible but the metal hydroxide could be removing and next reducing to a metallic

state using a solar fumace [106]. The major challenge with this storage method is the

reversibility and the control of the thermal reduction process in order to produce the

metal in a solar fumace.
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3.1.5. Storage in carbon adsorbents

The adsorption of a gas on a surface is a consequence of the field force at the

surface of the solid, called the adsorbent, which attracts the molecules of the gas or

vapor, called adsorbate. The origin of the physisorption of gas molecules on the surface

of a solid are resonant fluctuations of the charge distributions and are therefore called

dispersive interactions or Van der Waals interactions. In the physisorption process agas

molecule interacts with several atoms at the surface of the solid.

It recent years the considerable hydrogen storage in nanostructured carbon

materials has been reported over a temperature range from 77 K to ambient temperature.

This storage is characterized as surface adsorption/condensation of hydrogen. The new

carbon materials as nanofibres and nanotubes seem to be an ideal hydrogen adsorbent.

Carbon nanotubes can be divided essentially into two categories: single walled

nanotubes (SWNT) and multi walled nanotubes (MWNT) as displayed in Fig. 1-10.

S'WNf SWNfCORD l\IWNT

Figure 1-10. Single (SWNT) and multi (MWNT) walled carbon nanotubes

[108J.
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Ideally, single-wall carbon nanotube are made of a perfect graphene sheet, i.e. a

polyaromatic mono-atomic layer made of an hexagonal display of Sp2 hybridized carbon

atoms that genuine graphite is built up with, rolled up into a cylinder and closed by two

caps (semi-fullerenes) [109]. The internaI diameter ofthese structures can vary between

0.4 and 2.5 nm and the length ranges from few microns to several millimetres. MWNT

can be considered as concentric SWNT with increasing diameter and coaxially

disposed. The number of walls present can vary from two (double wall nanotubes) to

several tens, so that the external diameter can reach 100 nm. The concentric walls are

regularly spaced by 0.34 nm similar to the intergraphene distance evidenced in

turbostratic graphite materials. It is worth to note that residual metallic particles coming

from the production process can be found in the inner cavity ofMWNT [109].

Graphitic nanofibres (GNF) consist of grapheme sheets aligned ln a set

direction. Three distinct structures may be existed: platelet (0°), ribbon (90°) and

herringbone (45°) as shown in Figure 1-11. The angle in the parentheses indicates the

direction of the nanofiber axis relative to the vector normal to the graphene sheets [110].

PLATELET RIBBON HERRINGBONE

Figure 1-11. Graphitic nanofibres (GNF) [108J.
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The spacing between graphite layers in each case is the same value found in

conventional graphitic carbon, - 3.4 A. The typically diameter of the nanofibres is the

range of 5 - 500 nm [111].

Activated carbon can be manufactured from many different raw materials such

as wood, peat and coa1. Relatively high specific surface area (:S 2500 m2*g-1) and high

total porous volume (- 1 cm3*g-1) make the activated carbon as very good sorbent

materia1. One might expect that the carbon performance as an adsorbent will depend on

its source and structure [112]. Sorne adsorptive properties can be explained by

differences in pore size distribution. Surface chemical functionalities, derived from the

activation procedures, also influence adsorption, but their role depends on their

accessibility, which in turn depends on the carbon microporosity.

3.2. Hydrogen storage on carbon materials

In order to obtain a suitable driving range for automotive application the United

States Departament of Energy (DüE) target has been set to 6.5 wt.% ofhydrogen which

equals to 720 ml(STP)*g-l.

Hydrogen, depending on the applied pressure and temperature, can be adsorbed

and reversibly stored on solid surfaces as a result of physisorption (van der Waals

forces) or chemisorption (as in metal hydrides). Materials with large specific area like

nanostructured carbon and carbon nanotubes are possible substrates for physisorption.

However, sorne authors argued that physisorption alone is not sufficient to reach the

high capacity at ambient temperature [113]. In addition the mechanism of hydrogen

storage is still disputed. Sorne authors proposed that the hydrogen storage capacity in

metal containing catalysts is enhanced by the hydrogen spillover [114-115].

Chemisorption ofhydrogen is due to the dissociation ofhydrogen molecules. Hydrogen

in this case is stored in atomic form. The breaking of the hydrogen bonding can be

achieved by the incorporation of noble or transitions metals to the materials. However,

it was shown that carbon surface has also the capability to dissociate the hydrogen

molecules [116]. It is lower than for the platinum catalysts but it permits to hydrogenate

the anthracene at 673 K. The authors postulated that the hydrogenation and adsorption

occurred at the same active site [116].
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Much debate has been held over the last few years on the hydrogen storage in

carbon nanostructured is a viable option for hydrogen storage. Sorne researchers [117],

c1aimed that high surface area activated carbons are not effective in storing hydrogen at

room temperature because only a small fraction of the pore distribution interacts with

hydrogen molecules and the interaction energy is small (Van der Waals interaction).

Hydrogen adsorption characterized by this interaction is generally referred to the

physisorption and hydrogen is adsorbed nondissociatively.

Looking into the research results that have been reported over the last years,

there are conflicting data on the reversible storage of hydrogen in carbon nanotubes

[118]. This is mainly caused by insufficient characterisation of the carbon material used

[119]. Extraordinary hydrogen storage capacities of an order of a magnitude higher than

anything known to date were reported in 1998 [120]. These capacity values could be

questionable and may have to be seen with sorne scepticism since they are rather

inconsistent and not reproducible. Hydrogen storage properties of nanotubes are not yet

fully understood and explored. Nevertheless, there is still scientific interest particularly

on Single Walled NanoTubes (SWNTs) that could be seen as a promising medium for

the safe storage of hydrogen [118]. Most researchers agree that careful and systematic

investigations should be undertaken concentrating on the development in order to

improve the sorption behaviour and also on the adequate characterisation of these

materials. Procedures such as ball milling and pre-treatment appear to increase the

number of defects such as dangling carbon bonds and can result in highly defective

structures where hydrogen is weekly chemisorbed and easily released [118]

As stated earlier, porous storage media and in particular carbon-based materials

have attracted a lot of attention over the last years and triggered heated discussions on

their potential. This is particularly due to the fact that no reproducible data exist to

justify the really high, rather unrealistic, hydrogen storage capacities c1aimed in the past

by several investigators [118]. The results obtained (Table 1-2) so far on carbon

nanotubes as hydrogen storage media seem conflicting and suffer from rather

insufficient characterisation of the materials used [121]. Therefore, marketing of

carbonaceous materials as hydrogen storage media should be seen as a long-term

option. This is also confirmed by the fact that recent industrial and commercial efforts

are at the moment concentrating on metal hydrides systems [119, 122]. Research for this

c1ass of materials is still at the laboratory stage targeting materials development with

optimal hydrogen storage capacity, under low pressure-temperature [118].
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Table 1-2. Literature data ofthe hydrogen storage for dijferent carbon materials.

Temperature Pression
Max. wt.% of

material H2 Reference
[K] [MPa]

[o/~

SWNT High purity 80 7 8.25 [123]

SWNT High purity 133 0.04 5-10 [124]

SWNT High purity 298 0.06 3.5-4.5 [125]

SWNT-Fe 298 0.08 0.005 [126]

SWNT - TiAlo.1VO.4 298 0.08 1.47 [126]

SWNT milled in Ar 298 0.08 0.1 [127]

SWNT milled in D2 298 0.9 1.0 [127]

MWNT 298 0.1 0.25 [128]

MWNT-Li 298 0.1 0.7-4.2 [129]

GNF milled in D2 298 0.9 0.5 [127]

GNF 298 12 65 [120]

GNF 298 18 0.01 [130]

GNF 77 8 0.01 [130]

GNF(Ribbon) 298 11.35 11.0 [120]

GNF{platelet) 298 11.35 54 [120]

GNF(herringbone) 298 11.35 67 [120]

GNF(K - dopped) 300 0.1 14 [131]

Activated carbon
298 10.5 0.3 [132]

Surface 3000
Activated carbon

298 9.0 0.3 [133]
Surface 1047

Activated carbon
77 0.1 2.6 [134]

Surface 1040
Activated carbon

77 0.1 3.7 [134]
Surface 2330

Activated carbon
77 0.1 4.5 [134]

Surface 3000
Activated carbon

77 0.1 2.6 [134]
Norit
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Specifie requirements in terms of cost, non-toxicity, recycling and re-use are

also taken into consideration. A better understanding of the fundamentals of hydrogen

adsorption/desorption processes and of the relationship between material properties and

process parameters, may be required. Standardised characterisation procedures,

validated materials data and qualified preparation processes are stilliacking.

This is the reason that many researchers are claiming that at this point "round

robin" and benchmarking exercises leading to the actual definition of standardised

material production and characterisation procedures, are needed [118]. A number of

papers and reviews recently published on the stage of the knowledge of the hydrogen

uptake by carbon nanostructures [127, 135] agree on the most recommended methods.

Nevertheless, there is still controversy [118] on the questions related to the sample

purity. In any case, more coordinated and conjugated efforts may be essential for

understanding the hydrogen sorption mechanism in carbon nanostructures [118]. Indeed

it is known that carbon nanotubes are produced from metals catalysts and contain the

sorne quantity of metals. These quantity may reached 10 wt.% of carbon materia1.

Several groups have reported theoretical modelling results and simulations on hydrogen

adsorption in carbon materials and are in most cases more favourable than experimental

results. However, these simulations need refining to identify a "working combination":

an adsorption mechanism compatible with the hydrogen storage requirements of

6.5wt.% and a volumetrie density for adequate hydrogen storage capacity for practical

applications (see transportation), at room temperature [118]. To ensure efficient

hydrogen storage in carbon nanotubes, two issues still need to be resolved [136]. The

first is whether hydrogen adsorption in Single Wall NanoTubes (SWNTs) is less or

greater than in slit pores. If it is greater, then the "ideal" micropore volume fraction,

size/shape and suitable pore diameter for reaching the targets set for mobile applications

must be identified [137]. The other important issue is whether hydrogen adsorption

occurs in the interstitial channels between adjacent nanotubes in a rope of SWNTs. As a

next step, future efforts can focus on deve10ping experimental procedures to provide

carbon materials with tailored-made structures for maximum hydrogen storage capacity.

Research work is already directed towards optimisation of the development and

postproduction routes (purification, grinding, activation, conditioning, doping) for

yielding, in a cost-effective way, reproducible materials [118]. In parallel, efforts are

also concentrating on transferring these processes to mass production at a reasonable

cost.
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CHAPTERII

1. Experimental methods

1.1. Materials

1.1.1. Supports

y-Ah03 - y-aluminum (III) oxide

Purchased from ALFA and Johnson Matthey Company (high purity 99.7 %).

Total surface area of 100 m2g- l
.

Ce02 - cerium (IV) oxide

Purehased from CHEMPUR (high purity 99.9 %). Well crystallized with a total

surface area of 15 m2g-l
.

Nb20 s - niobia (V) oxide

Purchased from CBMM as hydrated niobia (V) oxide (high purity 99.97 %).

Total surface area of30 m2g-l
.

Si02(C) - silicon (IV) oxide

Purchased from CHEMPUR (High purity 99.9 %). Well crystallized with a total

surface area of 15 m2g-I .

Si02(D) - silicon (IV) oxide

Purehased from DEGUSSA (High purity 99.9 %). Amorphous silica with a total

surface area of200 m2g- l
.

Si02(V) - silicon (IV) oxide

Purehased from VENTRON (high purity 99.8%). Specifie surface area of 400
2 -1mg.

AC - activated carbon

Purchased from MERCK. (High purity 99.5%). Specifie surface area of 1071
2 -1mg.
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1.1.2. Reagents

Nickel (H) nitrate hexahydrate [Ni(N03)2*6H20] - was purchased from ANALAR­

Hopkin & Williams LTD. Pure for analysis 2: 99.0 %. Used as the nickel precursor.

Silver nitrate [AgN03] - was purchased from PROLABO. Pure for analysis 2: 99.5 %.

Used as the silver precursor.

Nickel (II) acetate tetrahydrate [Ni(CH3COOh*4H20] - was purchased from

FLUKA. Pure for analysis 2: 99.0 %. Used as the nickel precursor.

Sodium Salt of the ethylenediaminetetraacetic acid [HzNazEDTA] was purchased

from POCH. Pure for analysis 2: 99.5 %. Density dZO = 0.83 cm3g-1
•

Hydrazine hydrate solution [N2H4*H20] - 25% water solution - was purchased

from FLUKA. Pure for analysis. Density dZO = 1.01 cm3g-1
. Used as the reductant for

nickel and nickel- silver catalysts.

Benzene (C6H6) was purchased from MERCK. Pure for analysis 2: 99.5 %. Density dZO

= 0.88 cm3g-1
. Used for the catalytic tests.

Isopropyl alcohol (i-C3H60H) was purchased from CHEMPUR. Pure for analysis 2:

99.5 %. Density dZO = 0.78 cm3g-1
. Used for the acidity determination.

Pyridine (CsHsN) was purchased from POCH. Pure for analysis 2: 99.5 %. Density dZO

= 0.98 cm3g-1
. Used as the probe molecule in FTIR measurements.

Potassium bromide (KBr) was purchased from FLUKA. Pure for analysis 2: 99.5 %.

Used for the IR spectroscopy.

1.1.3. Gases

Hydrogen (H2) - Purchased from AIR LIQUIDE. Hydrogen U (99.995%)

H2/Ar (100 ppm) - Purchased from AIR LIQUIDE. Alphagaz 1 (99.999%)

02/Ar (100 ppm) - Purchased from AIR LIQUIDE. Alphagaz 1 (99.999%)

Argon (Ar) - Purchased from AIR LIQUIDE. Argon 1 (99.995%)

Helium (He) - Purchased from AIR LIQUIDE. Helium 1 (99.999%)

Oxygen traces were eliminated from argon, hydrogen, helium and Hz/Ar gases

using a manganese oxytrap (Engelhardt) whereas Oz/Ar was used as received.

For Hz - TPR study the hydrogen was mixed with argon using a diffuser with a

molecular membrane.
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1.2. Catalyst preparation

1.2.1. Impregnation ofcatalysts

Simple impregnation method (SIM)

The wet impregnation of nickel catalysts was performed using a nickel acetate

(or nickel nitrate) solution as a precursor. The appropriate quantity of nickel salt was

dissolved in 20 cm3 of distilled water. The nickel acetate or nickel nitrate concentrations

in the solution were calculated to obtain the 1, 5 or 10 wt.% ofnickel. 5 g of the support

was putted in to a flask (110 cm3
) and outgased at room temperature for 0.5 h. Then the

solution containing the nickel salt was added under stirring. The mixture was stirred at

room temperature for lh, then evaporated in a rotary evacuator at 353 K. Obtained

catalyst was dried in air at 353 K for 16 h.

The wet impregnation of bimetallic catalysts was performed using a nickel

acetate and silver nitrate solutions as nickel and silver sources respectively. The

appropriate quantity of nickel and silver salts were dissolved in 20 cm3 of distilled

water. The nickel acetate and silver nitrate concentrations in the solution were

calculated to obtain the following Ni-Ag ratios: 0.9%Ni-0.l%Ag (denoted as 90NiAg),

0.75%Ni-0.25%Ag (denoted as 75NiAg) and O.5%Ni-O.5%Ag (denoted as 50NiAg). 5 g

of the support ~as putted in to a flask (110 cm3
) and outgased at room temperature for

0.5 h. Then the solution containing nickel and silver ions was added under stirring. The

mixture was stirred at room temperature for Ih. Than it was evaporated in a rotary

evacuator at 353 K. Obtained catalyst was dried in air at 353 K for 16 h.

Double impregnation method (DIM)

For the DIM impregnation method the appropriate quantity of the support was

poured over a solution of H2Na2EDTA with the appropriate concentration and stirred

for 15 min at ambient temperature. After filtrating and drying at 383 K for 1 h

(temperature ramp 3 K min-1
) the obtained solid was impregnated with Ni(CH3COO)2

and calcined as described above for the simple impregnation method.
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1.2.2. Chemical reduction with hydrazine (N2H 4)

Impregnated catalysts

The chemical reduction of the impregnated catalysts with hydrazine was

performed under argon atmosphere (flow rate = 100 cm3min-1
) in a 3 necked reaction

flask of 110 cm3 dipping in a thermostatic water bath as showed in Figure II-l. The

reaction flask was fitted with a reflux condenser and a thermocouple for the control of

the reaction temperature and connected to agas microchromatograph (Agilent G2890A)

for the analysis of the gases evolved during the reduction process. A suspension of the

supported nickel precursor (5g of impregnated sample in 60 cm3 of distilled water) was

stirred for 0.5 h at room temperature. The reaction mixture was then slowly heated from

room temperature up to 353 K. Then 10 ml of 24-26 % aqueous hydrazine in excess

was added. The pH of the solution was 10-12 and remained almost constant. The green

color of the solids changed to black due to the Ni2+and/or Ag+ ions reduction. Reaction

was finished after 4 hours. After reduction the solid was filtered, washed with distilled

water and dried in air at 353 K for 16 h.

___- .... Ge analysis

Reflux condenser

Ar

Thermostatecl
water bath

Magnetic stirrer

Figure Il-l. Scheme ofinstallationfor catalysts reduction.
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Precipitated catalysts

The reduction of non impregnated catalysts was performed under Ar flow (100

cm3min-1
). The appropriate concentration ofnickel acetate (or/and silver nitrate) and 5 g

of required support was putted in 60 cm3 of distilled water in a 3 necked reaction flask.

Obtained suspension was stirred at room temperature for 0.5 h and then it was slowly

heated to 353 K under argon. Then 10 ml of 24-26 % ofaqueous solution of hydrazine

in excess was added.

The pH of the solution was 10-12 and remained almost constant. The green color of

the solids changed to black due to the Ni2+ and/or Ag+ ions reduction. Reaction was

finished after 4 hours. After reduction the solid was filtered, washed with distilled water

and dried in air at 353 K for 16 h.

1.3. Catalyst characterization

1.3.1. Physico-chemical and chemical characterization

Low temperature N2 adsorption/desorption (BET method)

BET (Brunauer, Emmett, Teller) theory is a well-known mIe for the physical

adsorption of gas molecules on a solid surface. The concept of this theory is an

extension of the Langmuir monolayer molecular adsorption to multilayer adsorption

with the following hypotheses: (a) gas molecules physically adsorb on a solid in layers

infinitely; (b) there is no interaction between each adsorption layer; and (c) the

Langmuir theory can be applied to each layer. The BET method is widely used in

surface science for the calculation of surface areas of solids by physical adsorption of

gas molecules. Knowing the monolayer capacity of an adsorbent (i.e., the quantity of

adsorbate which can be accommodated as a monolayer on the surface of a solid, the

adsorbent) and the area of the adsorbate molecule, the surface area can, in principle, be

calculated.

The texturaI parameters of the materials were determined by N2 sorption at 77 K,

using an automatic Thermoquest Sorptomatic 1990 apparatus. Specifie surface area and

specifie pore volume were determined according to BET method. Dubinin­

Radushkevich method was used to determine the micropore volume.
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Hydrogen treatments

The activation of the catalysts was perfonned in situ before each test was carried

out. It was perfonned in a flow of hydrogen pure (flow rate = 100 cm3min-1
). 0.1 g of

the catalyst were placed in a quartz reactor and heated at a rate of 10 K min-1 to 573 K.

Then the sample was heated at 573 K for 2h. After the activation the sample was cooled

to the desired temperature (catalytic tests) or treated in a flow of argon at 573 K for 1h

and then cooled to the room temperature (H2 adsorption study).

Hradsorption at room temperature

The hydrogen adsorption on the reduced catalysts was carried out using a

mixture ofH2/Ar (100 ppm ofH2). 0.1 g of catalyst were placed in a quartz reactor and

treated in a H2 flow as described above. After activation the sample was purged in a

flow of argon at the activation temperature for 1h. it was then cooled to room

temperature in a flow of Ar. The hydrogen adsorption was carried out at room

temperature in a flow (100 cm3min-1
) ofH2/Ar (100 ppm ofH2 in Ar). The consumption

of hydrogen was measured each 2 minutes with a thennal conductivity detector (TCD)

in an Agilent G2890A series MicroGCs gas chromatograph (molecular sieves as

chromatographie eolumn, 8m), operated at 333 K. Scheme of installation is given in

Figure II-2.

Hydrogen Temperature-Programmed Desorption (HrTPD)

The temperature-programmed desorption of adsorbed hydrogen (H2- TPD) was

perfonned using an argon flow after the hydrogen adsorption (Fig. II-2). The catalyst

was purged with argon at room temperature for 1h. The sample was then heated at a rate

of 5 K min-1 to 1123 K under the argon flow (flow rate = 50 cm3min-1
). The amount of

the desorbed hydrogen was measured each 2 minutes with a thennal conductivity

detector (TCD) in an Agilent G2890A series MicroGCs gas chromatograph (molecular

sieves as chromatographie column, 8m), operated at 333 K.

Hydrogen Temperature-Programmed Reduction (HrTPR)

The temperature programmed reduction with H2 (H2 TPR) of the samples was

carried out using a H2/Ar (1000 ppm of H2) mixture as a reductant (flow rate = 82

cm3min-1
). 0.1 g of the sample were placed in a quartz reactor and treated in a flow of

argon at room temperature for 1h. 11 was then heated at a rate of 5 K min-1 to 1100 K

56



CHAPTERII

under the reduetant mixture. Hydrogen eonsumption was measured each 2 minutes with

a thermal conduetivity detector (TCD) in an Agilent G2890A series MicroGCs gas

chromatograph (molecular sieves as chromatographic column, 8m), operated at 333 K.

@-1 Flow regulator 00 Four-way valve
o 0 00

00 Six-way valve
o 0

Figure II-2. Scheme ofinstallation for H 2-TPD and H2-TPR studies.

Determination ofthe degree ofreduction

Control1ed oxidation at high temperature was used as a method for

determination of the degree of reduction. 0.1 g of the catalyst were placed in the quartz

reaetor and it was activated in a flow ofhydrogen (100 em3min-l
) at 573 K for 2h. The

catalyst was heated at a rate of 10 K min- l
. After activation the sample was purged in a

flow of argon (100 em3min-l
) at the temperature of activation for 1h. Then the sample

was heated to 623 K in a flow of argon at a rate of 10 K min- l
. The uptake of oxygen at

623 Kwas measured. A 02/Ar mixture (100 ppm of O2 in Ar) was used as a oxidant

(flow rate = 100 cm3min- l
). Oxygen consumption was measured each 2 minutes with a

thermal conduetivity detector (TCD) in an Agilent G2890A series MicroGCs gas

chromatograph (moleeular sieves as chromatographie column, 8m), operated at 333 K.
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Isopropanol decomposition

Isopropanol decomposition was performed using a pulse micro-reactor and a

helium flow of 40 cm3 min-l
. The catalyst bed (0.05 g) was first activated at 673 K for 2

h under he1ium flow. The isopropanol conversion was studied at 523 K using 5~1 pulses

of isopropanol. The gases were analyzed by CHRüM-5 GC (2 m column with

Carbowax 400 (80-100 mesh) at 338 Kin helium flow) on line with micro-reactor and

detected by thermal conductivity detector (TCD).

1.3.2. Physical characterization

X-ray diffraction study (XRD)

Powder X-ray diffraction (PXRD) is the most widely used technique for characterizing

solid materials. As the name suggests, the sample is in a powdery form, consisting of

fine grains in the form of single crystallites. The positions and the intensities of the

peaks can be used for identifying the underlying structure (or phase) of a solid material.

If a monochromatic X-ray beam is directed at a single crystal, then only a few diffracted

beams that are allowed by the Bragg's law may result: A sample of sorne hundreds of

crystallites (i.e., a powder sample) show that the diffracted beams form continuous

cones. A circ1e of film is used to record the diffraction pattern. Each cone intersects the

film giving diffraction lines. The lines are seen as arcs on the film. For every set of

crystal planes, one or more crystals will be in the correct orientation to give the correct

angle to satisfy Bragg's equation. Every crystal plane is thus capable of diffraction. Each

diffraction line is made up of a large number of small spots, each from a separate

crystal. Each spot is so small as to give the appearance of a continuous line. If the

crystal is not ground finely enough, the diffraction lines appear speckled.

XRD patterns were recorded using a Philips X'Pert Pro diffractometer of 8/28

with a Cu (aKa = 1.54056 A) radiation. The identification of the materials was made

using a ICPDS diffraction data from International Center for Diffraction Data.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is based on the analysis of the kinetic

energy distribution of core level photoelectrons ejected as the result of irradiation with

monochromatic or narrow band X-rays (Figure 11-3). The best sensitivity is of the order
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of a few percent of a monolayer and for most instruments spatial reso1ution is around

0.2 mm. With suitab1e calibration procedures e1ementa1 surface concentrations can be

measured with accuracy of the order of 20%. It constitutes a major too1 in cata1yst

characterization. The major interest is centered on observations of "chemica1 shift"

effects which reflect the oxidation state, and the chemica1 environment of the emitter.

Quantitative applications, especially to comp1ex systems such as cata1ysts, can invo1ve

prob1ems due to samp1e charging and to the choice of calibration procedures. They

usually necessitate independent data conceming cata1yst structure and texture. XPS has

been wide1y used in cata1yst research to provide genera1 qualitative analyses, to

investigate the depth profile distribution of active species, to obtain estimates of

dispersion, c1ustering and other morpho10gica1 variations, to study meta1-meta1 and

metal-support interactions and to examine the chemica1 states of additives, poisons and

transition meta1 ions.

The XPS spectra were recorded at a residua1 pressure of 10-9 mbar on a

KRATOS AxisULTRA e1ectron energy spectrometer operating with a monochromatic

A1- Ka radiation (1486.6 eV).

Figure II-3. Photoelectron efJect.
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Fourier transmission infrared spectroscopy (FTIR)

FTIR is most useful for identifying chemicals that are either orgamc or

inorganic. It can be utilized to quantify sorne components of an unknown mixture. It can

be applied to the analysis of solids, liquids, and gasses. The term Fourier Transform

Infrared Spectroscopy (FTIR) refers to a development in the manner in which the data is

collected and converted from an interference pattern to a spectrum. Today's FTIR

instruments are computerized which makes them faster and more sensitive than the

older dispersive instruments.

Molecular bonds vibrate at various frequencies depending on the elements and

the type of bonds. For any given bond, there are several specific frequencies at which it

can vibrate. According to quantum mechanics, these frequencies correspond to the

ground state (lowest frequency) and several excited states (higher frequencies). One

way to cause the frequency of a molecular vibration to increase is to excite the bond by

having it absorb light energy. For any given transition between two states the light

energy (determined by the wavelength) must exactly equal the difference in the energy

between the two states [usually ground state (Eo) and the first excited state (El)].

A Bruker FTIR Vector spectrometer was used to detect infrared spectra of the

samples. The resolution was selected to be 2 cm-l and the number of scans - 64. The

samples were dispersed in dry KBr pellet (0.001 g of the sample and 0.2 g of the KBr)

with slight grinding for FTIR measurements at room temperature.

FTIR - Pyridine adsorption (FTIR-Py)

Pyridine adsorption coupled with IR measurements were used for determination

of the supports acidity.All FTIR experiments were done using BIüRAD FTS 3000MX

instrument. The samples were prepared in the form of self-supporting discs (4 mg cm2
)

and placed in IR cell equipped with KRS-5 windows. Catalysts were evacuated at 553 K

at <10-3 Pa for lh. Pyridine was adsorbed at room temperature for 15 min and sample

was evacuated for 15 min at 303 K and additiona15 min at 473 K to remove pyridine

vapors.
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Transmission electron microscopy (TEM)

Scanning transmission electron microscopy (STEM)

In electron microscopy as in any field of optics the overall contrast is due to

differential absorption of photons or particles (amplitude contrast) or diffraction

phenomena (phase contrast). The method provides identification of phases and

structural information on crystals, direct images of surfaces and elemental composition

and distribution. STEM represents a merger of the concepts of TEM and SEM. Modes

of operation and mechanisms of contrast and of imaging are essentially the same as in

TEM but the main advantage of STEM is the ability to carry out microanalysis at very

high resolution (Energy Dispersive X-ray Spectroscopy and X-mapping analysis).

Energy dispersive X-ray spectroscopy (EDS) is the analysis of characteristic X­

rays provides identification and quantification of elements with Z > 10; improvements

in X-ray detectors should reduce this limit to Z=6. The original electron probe

microanalysis (EPMA) was essentially a low SEM resolution with an X-ray detector but

the SEM mode suffers from two disadvantages: X-ray spatial resolution is relatively

poor and quantitative analysis involves corrections for various processes within the

thick specimen. With specimens sufficiently thin for TEM or STEM use (~200 nm) the

X-ray resolution is improved (40 nm) and a semi-quantitative analysis can be obtained

without application of corrections; more rigorous treatment of the data gives relative

concentrations to within about 5%, with a minimum detectable mass fraction of 0.3

wt%.

The TEM and STEM electron microscopy images were recorded placing a drop of

the particles in THF onto a carbon film supported on a cooper grid. The samples were

studied using a Philips CM20 STEM microscope with a LaB6 cathode operating at 200

kV.

1.4. Hydrogenation of benzene

1.4.1. Catalytic test

The benzene hydrogenation was performed in a quartz reactor equipped with a

thermocouple. 0.1 g of the catalyst were placed in the reactor and it was activated in a

flow ofhydrogen pure (flow rate = 100 cm3min-1
) as described above (1.3.1. Hydrogen

treatment). After the activation, the sample was cooled to the desired temperature. Agas

mixture containing benzene and hydrogen (1 vol.% of benzene) was prepared by
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passage of a Hz stream (10 cm3min-1
) through benzene placed in a saturator maintained

at 278.4 K. The reactant mixture was passed through the reactor with a total flow rate of

50 cm3min-1
. The catalytic test was carried out at various temperatures (348 - 498 K

temperature range) on the same catalyst. The sample was heated or cooled at a rate of

10 K min-1
. Benzene and the reaction products were analyzed each 6 min (5 injections

at each temperature) using a 5730A Hewlett Packard gas chromatograph, operated at a

programmed temperature and with a flame ionization (FID) detector. TCEP

chromatographie column (2m column, 0 = 1,8 mm) has been used for separation the

products of the hydrogenation reaction. It was prepared by impregnation of Chromosorb

W HP with 1,2,3-tri(2-cyano-etoxy) propane (TCEP) (20 wt.%). Scheme of installation

for benzene hydrogenation is given in Figure II-4.

He He

00 Four-way valve
o 0

~ Six-way valve

V

Exit

HeorH,

Saturator

'H;l
i

@-i Flow regulator

® One-way valve

M, - Gas mixer

Thermostat

Furnace

Reaction way

Reduction way

Exit
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1.4.2. Stability test

The stability test was performed in a quartz reactor equipped with a

thermocouple. 0.05 g ofthe catalyst were placed in the reactor and activated in a flow of

hydrogen according to the procedure described above (2.3. Hydrogen treatment). The

stability tests were carried out using C6H6/He + H2 as a reactant mixture (flow rate =

100 cm3min-1
). The reactant mixture was prepared by passage of a He stream (10

cm3min-1
) through benzene placed in a saturator maintained at 278.4 K. Then the

reactant mixture was completed with He (40 cm3min-1
) and H2 (50 cm3min-1

) to obtain

the total flow rate of 100 cm3min-1
. The stability test was carried out at 423 K for 16h.

The reaction products were analyzed by GC in the same conditions as for the test of

benzene hydrogenation.

1.4.3. Kinetic test

Determination of the activation energy for the catalysts was performed in a

quartz reactor equipped with a thermocouple. 0.05 g of the catalyst were placed in the

reactor and activated in hydrogen flow as ascribed above (2.3. Hydrogen treatment).

After the activation the catalyst was cooled to 348 K. The catalytic test was carried out

in the temperature range 348 - 403 K. The reactant mixture was prepared by passage of

He stream (10 cm3min-1
) through benzene placed in a saturator maintained at 278.4 K.

Then the reactant mixture was completed with He (15 cm3min-1
) and H2 (25 cm3min-1

)

to obtain the total flow rate of 50 cm3min-1
. The catalyst was cleaned in a hydrogen flow

(100 cm3min-1
) after each test. The reaction products were analyzed by GC in the same

conditions as for the test ofbenzene hydrogenation.

1.5. Hydrogen storage at room temperature

High-pressure hydrogen uptakes were assessed with a specially designed

volumetrie adsorption/desorption system (Figure II-5). The unit consisted of a 4.13 cm3

sample cell module connected to a reservoir; the standard reservoir volume used was

164 cm3
. Pressure was measured with a pressure gauge. Materials for construction of

the sample cell module, including valves and fittings, were chosen such that the vessel

could be heated to 773 K using an external source to outgas or activate the samples. The

volume of the system, both with and without samples, was calibrated by attaching a

reservoir with known volume to the sorption reservoir.
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Room temperature desorption was measured by allowing the gas in the sample

cell to expand into the desorption reservoir for a series of measurements. Desorption

measurements from each separate pressure expansion were summed to determine the

total amount ofhydrogen released.

Helium

Hydrogen

Hydrogen reduellon. éDf----.~XJ---....

.. volume of sample = 0,5 ml

volume of reacter =4,13 ml

volume of reservelr =164 ml

volume of line =8,09 ml

éD Flow regulator

o One-way valve

Pressure-gauge
hlgh pressure

Exit

Vacuum pump

Figure Il-5. Scheme ofinstallation for hydrogen storage.

Initial sample mass for the high-pressure experiments was 400 mg. Before

starting the sorption, the sample was purged in vacuum for 1 h at 473 K. It was then

activated for 3 h at 623, 773 or 873 K in hydrogen with a flow rate of 100 cm3 min-l,

After the hydrogen pretreatment, the sample was swept with a helium flow (100 cm3

min-l) for 2 h at 673 K, then cooled to room temperature under the helium flow. After

the purging, the system was saturated in hydrogen for 16h at the desired pressure (20 or

30 bars). The sample was weighted after the desorption experiment in order to

determine the weight loss due to the heat pre-treatment. This loss was less than 7%.
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2. Calculations

2.1. Dispersion and particle size measurements by gas chemisorption

Selective chemisorption of different gases is the most frequently used technique

for characterizing metallic catalysts. The measurement of the quantity of agas adsorbed

selectively on the metal at monolayer coverage, gives the metal surface area and the

metal dispersion, if the stoichiometry of the chemisorption is known [1]. Measurements

of the gas uptake has been carried out by various methods such as static (volumetry and

gravimetry) and dynamic (continuous flow and pulse adsorption) methods. The flow

technique seems to be most convenient than static methods since it is faster and does not

require vacuum system [1].

The ideal, for a given catalyst, gas should be chosen to minimize adsorption on

the support, to have an irreversible chemisorption on the metal and to know the true

stoichiometry of chemisorption. The gases the most currently used are Hz, Oz and CO.

Based on hydrogen chemisorption results nickel dispersion was calculated from [1]

as follows (Ni/H stoichiometry was taken 1):

V'n

where:

D= 22414m = IOO'V'wM
wt 22414m'wt

IOO·M

v - volume adsorbed [cm3 STP]

n - stoichiometric factor (=2)

22414 - molar gas volume (standard conditions) [cm3/mol]

m - sample weight [g]

wt - nickel content [wt%]

M - nickel atomic weight (58.69 g/mol)

(1)

Where dispersion D is defined as a ratio ofnumber of surface Ni atoms (Ns) to the

total number ofNi atoms (NT) (2):
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The surfaceof active phase was determined based on the following [1](3):

NAS=a ·_·D
m M

where:

NA is Avogadro nurnber (6.023*1023 mol)

am is the surface covered by one nickel atom (6.51 A2 [1]).

(2)

(3)

Assuming the spherica1 shape, average crystallite size (ci) was calcu1ated based on

irreversib1e adsorption isotherm ofhydrogen, according to the following:

66

d = 6000
S·p

where:

pis a metal density (8.90 g/cm3 for Ni [1])

S is a surface area.

(4)
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2.2. Particle size measurement by the XRD Hne broadening analysis

X-ray diffraction line broadening analysis (LBA) has been widely used for

characterizing supported metal crystallites. A perfect crystal would extend in all

directions to infinity so no crystal is perfect due to its limited sizes. Such a deviation

from perfect crystallinity wi11lead to broadening of the diffraction peak. However, this

type ofpeak broadening is negligible when the crystallite size is larger than 200 nm [1].

In 1918, Scherrer for a very first time observed that small crystallite size could

glve rise to peak broadening. He derived a well known equation for relating the

crystallite size to the peak width, which is called the Scherrer formula [1]:

KA
d----

fi cosf}

where:

K is the Scherrer constant (0.9 when ~1/2 is used)

À is the wavelength of the X-radiation

~ is the Integral breadth of a reflection (in radians) located at 28

e is the angular position of the peak maximum

(5)

2.3. Determination of specifie surface area and pore volume by RET method

BET (Brunauer, Emmett, Teller) theory is a well-known mIe for the physical

adsorption of gas molecules on a solid surface. The concept of this theory is an

extension of the Langmuir monolayer molecular adsorption, to multilayer adsorption

with the following hypotheses: (a) gas molecules physically adsorb on a solid in layers

infinitely; (b) there is no interaction between each adsorption layer; and (c) the

Langmuir theory can be applied to each layer [2]. The resulting BET equation is

expressed [3] by (6):
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where:

P 1 C-l P------ - --- +---*--
V(Po - p) VmC VmC Po

Vm is the volume of the monolayer [cm3g-1
]

V is the volume of gas adsorbed at p/Po [cm3g-l]

C is the BET constant

p is the equilibrium pressure at temperature of adsorption

Po is the saturation pressure at temperature ofadsorption

(6)

Using the results of the above calculation the specific surface are can be

calculated as follows (7):

where:

s _VnfNA *0)

RET-
V

Vm is the monolayer adsorbed gas [cm3g-1
]

NA is the Avogadro number

0) is the adsorption cross section

u is the molar volume of gas

(7)

2.4. Determination of the micropore surface area by Dubinin­

Radushkevich method

The Micropore Volume Filling Theory was proposed by Dubinin-Radushkevich

and co-workers for adsorption from gas phase. It is related to Eucken/Polany'i potential

theory . The Dubinin-Radushkevich (DR) isotherm describes adsorption on a single

type ofuniform pores (in this respect the DR isotherm is an analogue of Langmuir-like

local isotherms in adsorption on energetically heterogeneous solids) [2]. In the case of

simple systems, experimental isotherms may be described by e.g. bi-DR isotherm -
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corresponding to bimodal micropore system. This theory allows to describe a

continuous distribution of pore sizes (or generally pore characteristics) [2].

The Dubinin-Radushkevich equation is as follows (8):

B*T
2 [ PO]2log(V) = log(Vo) - fJ * logp

where:

V is the volume adsorbed at equilibrium pressure [cm3g-1 STP]

Vo is the micropore capacity [cm3g-1 STP]

Po is the saturation vapor pressure of gas at temperature T [mm Hg]

P is the equilibrium pressure [mm Hg]

~ is the affinity coefficient ofanalysis gas relative to Po gas

T is the analysis bath temperature [K]

B is the constant

(8)

For each point designated for Dubini..l1 - Radushkevich ca1culations, the

following ca1culation are done:

where:

LV= log(V) and LP= lo{~)2

LV is an independent variable

LP is the dependent variable

(9)

Assuming the adsorption of gas is restricted to a monolayer, the following can

be ca1culated:
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Monolayer capacity [cm3g-1 STP):

where:

YI is the Y-intercept [crn3g-1 STP]

Micropore surface area [m2g-1
):

s _a*Vo*6.023*HY3
#- 22414*1018

where:

cr is the rnolecular cross section area of gas [nrn2
]

Vo is the rnonolayer capacity [crn3g-1
]

2.5. Determination of the degree of reduction by O2 reaction

(10)

(11)

The degree of reduction (DR) was deterrnined by the controlled oxidation of

reduced nickel at high ternperature [4]. The total quantity of oxygen used can give the

degree of nickel reduction assurning that the follow reaction occurs:

NiO (s) + .!..02 (g) -- NiO(s)
2

The degree ofreduction (in %) of nickel could be calculated as follows (12):
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where:

nO is the total number of moles of oxygen consumed [mol]

nNi is the total number of moles ofnickel in the sample [mol]

2.6. Reaction rate and TOF in the benzene hydrogenation

Specifie reaction rate (r) is the expression reserved to the reaction rates per unit

mass of catalyst [5]. It is expressed in number of moles of the reactant per time unit and

per mass unit of catalyst. It could be calculated from the equation (15):

[Bz] *dr - ..::--------
mcat

where:

[Bz] is the benzene concentration [moIBzL-1
]

dis the total flow rate [Lmin-1
]

mcat is the mass of catalyst sample [g]

(15)

Turnover frequency (TOF) is defined as the number of revolutions of the

catalytic cycle per unit time [5]. It is a chemical reaction rate, differential quantity

depending on temperature, pressure and concentrations. The TOF present many

advantages such as: i) possibility to compare to a value of TOF obtained on a different

catalysts, ii) even if a value of rOF is approximate, it can immediately reveal whether

the catalyst is truly a catalyst or is merely a reagent, iii) indicates the importance or not

of crystalline anisotropy as reflected eventually in the size of clusters, and iiii) is useful

in assessing the potential of new catalytic materials in relation to catalysts in current use

[5].

The TOF [in S-l] for nickel catalysts in hydrogenation ofbenzene reaction could

be calculated from the following (16):
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TOF-
r

(16)

where:

ris the reaction rate [molecBz*S-lg-l]

SNi is a number of nickel surface active sites [sites*g-l]

The reaction rate is expressed in molecules of benzene per second per gram and

it can be determined as ascribed above (15). The number of nickel active sites can be

determined by chemisorption ofhydrogen at room temperature.
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STUDY OF NICKEL CATALYSTS
SUPPORTED ON Al20 3 AND Si02

OXIDES



INTRODUCTION

L'activité, la sélectivité et la durée de vie des catalyseurs métalliques supportés

sont fortement influencées par la charge en métal, la taille des particules métalliques, la

méthode de préparation et la nature du support. Plusieurs méthodes peuvent être

appliquées pour obtenir les métaux fortement dispersés sur la surface du support.

L'imprégnation est la méthode généralement utilisée. Si le support est microporeux, les

étapes d'imprégnation, de séchage, de calcination et de réduction influeront sur la taille

des particules métalliques dans le matériau final.

Dans ce contexte, des catalyseurs de nickel supportés sur les oxydes non

réductibles Ab03 et Si02 ont été préparés par simple (SIM) et double imprégnation

(DIM). Les données de littérature montrent que la méthode DIM permet d'obtenir des

catalyseurs supportés de nickel/alumina bien dispersés. Dans cette méthode, il y a deux

étapes. La première est l'imprégnation de support inorganique par la solution de

H2Na2EDTA et la seconde (après le séchage) est l'imprégnation par la solution

contenant les ions actifs de métal. La phase métallique a été réduite par l'hydrazine

aqueuse. Les matériaux obtenus ont été caractérisés et testés dans la réaction

d'hydrogénation du benzène. Leurs performances ont été comparées à celles de

catalyseurs conventionnels
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1. INTRODUCTION

The activity and selectivity of supported metal catalysts are strongly influenced

by the amount of metal, the size of dispersed metal partic1es, the preparation method

and the support composition [1-3]. To improve the catalyst activity and its durability, it

is necessary to obtain a well-dispersed active phase in the catalyst [4]. Several methods

can be applied to obtain highly dispersed metals on the support surface [5]. Supported

metal catalysts are commonly prepared by metal salt impregnation. If the support is

microporous, it will imbibe a solution of a metal salt; drying, calcination (optional) and

reduction will generate small metal partic1es. The c1assical method of the support

impregnation results in obtaining small metal crystallites but only at very low metal

contents in the catalyst [6]. It is also possible to obtain small metal crystallites by co­

precipitation, but such catalysts are very difficult to reduce [7].

Supported nickel catalysts are most effectively prepared thought the optional

combination of high dispersion and metalloading. Small metal partic1es may be formed

on the surface of the support to which they are more or less firmly anchored, and on

which they are effectively separated from each other. The average distance between the

partic1es will depend on the metal content, the partic1e size and the surface area of the

support [8].

Nickel catalysts were prepared by the double impregnation method (DIM) [9­

10]. Previous findings and literature data allow to conc1ude that this preparation method

is suitable for producing well dispersed nickel/alumina supported catalysts [9-12]. In

DIM there are two stages, one by one. The first one is the impregnation of inorganic

support by H2Na2EDTA solution and then (after drying) impregnation by solution

containing active metal ions. In contrast to the c1assical simple impregnation method

(SIM) [13], in DIM preparation procedure the carrier is preliminarily "activated"

(modified) by EDTA introduced by impregnation and dried; the following preparation

steps are the same as in SIM [14]. Modification of the support using impregnation by

H2Na2EDTA has influence on the way of metal bonding, which is added in the next

stage ofpreparation. It changes the concentration of metal in catalyst, decreases average

nickel crystals size. Application of H2Na2EDTA on the stage of preparation favored

high active phase dispersion. Presence of the EDTA adsorbed on the support surface

assures homogenous distribution of the metal ions. The effect of the presence ofEDTA

is particularly visible in the low and average concentration of metal ions. As the

77



CHAPTERllI

concentration of metal is increasing in impregnation solution, participation of favorable

interaction EDTA-ion is gradually decreasing, what is caused by accelerated adsorption

in support pores and the increase of the interactions between metal ions and hydroxyl

surface groups [15].

Conventional supported metal catalysts are prepared by in situ reduction of a

metal salt. The catalytic activity of the metal partic1es is strongly influences by their size

and shape [1-2, 16-19]. However, it is often difficult to control the morphology of the

final material, notably for impregnated catalysts [16-23]. An alternative method to

obtain supported catalysts with well-defined metal partic1es is the preparation of

supported catalysts from metal colloids.

Metal nanopartic1es research has recently become the focus of intense work due

to their unusual properties compared to bulk meta1. The reason for such avid research

arises from the drastic increase of the surface to volume ratio to such an extent that the

material properties are determined much more by the surface atoms than by the

framework atoms, with the result that the physical and chemical properties of the

partic1es differ considerably from those of bulk solids [3-8]. They hold promise for use

as advanced materials for electronic, magnetic, optical and thermal properties [9-10]

and have also been applied in heterogeneous catalysis [7,24-27]. The chemical route for

the preparation of such materials is of particular interest since it allows a better control

of the structure at the microscopic level [28-40]. The chemical methods have generally

involved the reduction of the relevant metal salt in the presence of a stabilizer such as

linear polymers [6, 41-44], ligands [44-45], surfactants [40, 46-48],

tetraalkylammonium salts [49-50], or heterogeneous supports [51-53] which prevent the

nanopartic1es from agglomerating. Hydrazine is a good reducing agent for noble and

transition metals ions, inc1uding in aqueous medium [53-56]. Recent works have

pointed out the interest of working in aqueous medium as a practical solution for the

future in homogeneous and heterogeneous catalysis [57].

In spite of the high number of studies published III the past decades, an

increasing attention is paid to the hydrogenation of aromatics because of the stringent

environmental regulations governing their concentration in diesel fuels [58-61].

Benzene hydrogenation has been chosen as the model aromatic feedstock [62-63]. This

reaction has also been used as model reaction in heterogeneous catalysis by metals

where metal-support interactions are involved [61-65].
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In our laboratory, a systematic study of supported nickel nanopartic1es, obtained

by reduction of nickel salts in aqueous media, has been undertaken. Previous work

showed that the size and shape of the metal partic1es, as well as their hydrogenating

properties, strongly depended on the reduction conditions of the Niz+ ions [26-27]. We

now report the study of nickel nanopartic1es supported on silica or alumina.

Supports

Aluminum oxide, commonly referred to as alumina, possesses strong ionic

interatomic bonding giving rise to its desirable material characteristics. It can exist in

several crystalline phases which all revert to the most stable hexagonal alpha phase at

elevated temperatures. This is the phase of particular interest for structural applications.

Alpha phase alumina is the strongest and stiffest of the oxide ceramics. Its high

hardness, excellent die1ectric properties, refractoriness and good thermal properties

make it the material of choice for a wide range of applications. The aluminum oxides

are commonly used as the supports for metal or metal oxides catalysts, especially, the y­

Alz03 which is stable in both oxidizing and reducing atmospheres and at relatively high

temperatures. In our study we used y-Alz03 with the specifie surface area of 100 mZ*g-l.

Silicon dioxide (silica) is one of the most commonly encountered substances in

both daily life and in electronics manufacturing. Compared to the others oxides, the

surface of the SiOz is almost inert. The silanol groups present on the surface have a low

acidity. The complete dehydroxylation of silica surface occurs at high temperature (973

K). Under this thermal treatment the chemical reaction between the silanol groups

occurs, providing the siloxane group (Si - 0 - Si) formation. The amorphous silica is

usually obtained by the high temperature treatment of silica hydrogel to obtain an

aeroge1s. The chemistry of the interior surface of an aerogel plays a dominant role in its

chemical and physical behavior. It is this property that makes aerogels attractive

materials for use as catalysts support. In our study we used silica from Ventron with the

specifie surface area of 400 mZ*g-l. This support is denoted as SiOz(V).

Catalysts

Two methods of impregnation were used, name1y simple (SIM) and double

(DIM) impregnation method. Two methods of preparation were used. In c1assical

preparation, the impregnated precursor salt (nickel acetate) is calcined in air then

reduced under a hydrogen flow. In non c1assical preparation, the impregnated precursor
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salt is reduced in aqueous hydrazine media at 353 K then treated under same hydrogen

flow. For more details, see Experimental section. Notation ofprepared catalysts is listed

in Table III-l.

Tahle III-l. Prepared catalysts.

%wt.of Method of
catalyst

Ni preparation

1NiSi02(V) 1.0 SIM, classical

1NilEDTAlSi02(V) 1.0 DIM, classical

1NiSi02(V)-1I 1.0 SIM, non classical

INilEDTAlSi02(V)-1I 1.0 DIM, non classical

1NiAh03 1.0 SIM, classical

INilEDTA/Ah0 3 1.0 DIM, classical

1NiAh0 3-1I 1.0 SIM, non classical

1NilEDTAIAh03-1I 1.0 DIM, non classical

Si02(V) classical

Si02(V)-1I non classical

Ah0 3 classical

Ah0 3-1I non classical

2. RESULTS AND DISCUSSION

2.1. Reduction of Ni2
+ supported on Si02 and Ah03

In aqueous hydrazine media green Ni2
+ ions are reduced to colloidal black

NiOpartic1es according the equation (1):

2Ni2
+ + N2H4 + 4üK ~ 2Nio + N2 + 4H20 (1)
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The reduction of the SIM supported nickel phase did not occur when the

precursors were treated in aqueous hydrazine media at 353 K: the solids became blue

and this color was not changed to dark and no nitrogen was detected in the exhaust gas.

INiIEDTAlAb03 catalyst also was not reduced in the hydrazine media. This may be

ascribed to the formation of stable nickel-hydrazine surface species. Indeed, it is known

that unsupported Ni2+ ions form a blue complex [Ni(N2H4)3]2+ in basic hydrazine media

[27,66]. This complex is formed via the substitution of water ligands by hydrazine

ligands. When the temperature is increased, the complex decomposes and the reaction

media progressively changes to a dark black colloidal solution of metallic nickel and

gaseous N2 evolves according to equation (1). Moreover, for silica supported Ni2+ ions,

it was shown that the reduction occurs in the same hydrazine media with a rate and

conversion depending on the nickel content and reaction conditions [27]. Also for SIM

or INiIEDTAlAb03 catalysts we believe that a stable supported [Ni(N2H4)n]2+ complex

is intermediately formed. It is not decomposed to metallic nickel and gaseous N2 as the

unsupported complex did.

In case of the INiiEDTA/Si02(V) catalyst, the treatment with aqueous hydrazine

provided desorption of nickel complex from the support surface. Indeed, after hydrazine

injection, the reactant solution became blue while the support changed color from green

to white. This phenomenon could be explained by low NilEDTA complex compound

stability in high pH conditions. When hydrazine was introduced in the liquid media, the

Ni-EDTA complex desorption was observed, also a more or less significant part of

active phase was out of catalyst. The blue color of the solution is ascribed to the

formation of[Ni(N2~)f+ complex stabilized by EDTA [67].

2.2. Characterization of the catalysts.

2.2.1. Isopropanol decomposition

The acidity of the supports used in this work was estimated on the basis of

isopropanol dehydration. Intrarnolecular dehydration towards propene as weIl as

intermolecular reaction producing diisopropyl ether occurred with the participation of

acidic centers on the catalyst surface. For aIl matrices tested, propene was the main

reaction product indicating acidity of the materials. However, the conversion of alcohol
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(indicating acidity strength or/and concentration) depended on the nature of the support

(Fig. III-1). The following order is found: Si02< Ab03.

AI203 Si02

Figure III-J. Isopropanol decomposition at 623 K.

2.2.2. H2-TPR study

In the H2-TPR conditions used the Si02 and Ab03 supports did not consume

hydrogen.

Classical catalysts

The H2-TPR profile of 1NiSi02(V) (Fig. III-2) exhibits a broad peak at 892 Kas

a result of the formation of several nickel species. The profile of the

1NilEDTA/Si02(V) (Fig. 1II-2) catalyst differs from that of 1NiSi02(V) one. There is

on1y one sharp peak with the maximum at 1013 K. This let us to suppose that the

catalysts containing EDTA have a better nickel dispersion and the nickel active phase is

more homogeneous but it is more difficult to reduce. The high temperature reduction

peak cornes from the reduction of the nickel cationic form.

Alumina supported catalysts are not reduced in TPR experiments. It can be

caused by strong interaction between the Ni2+ ions and the support. The reducibility of

Ni-species depends on the nickel-support interaction, which seems to be very high

when Ab03 is used as the matrix [19]. The more intense interaction, the stronger

82



CHAPTERIII

connection of Ni-oxide with the matrix. This leads to more difficult interaction with

hydrogen. At a low nickel loading, a great number of nickel atoms is in close contact

with the support so they are more difficultly reduced. At the concentration of the H2 in

the gas flow (1000 ppm) these ions cannot be reduced. In contrast, they are reduced in

pure hydrogen at 773 K.

400 600 800 1000 1200

Temperature, K

Figure 1II-2. H2-TPR profiles for classical SIM and DIM catalysts supported on Si02.

400 600 800 1000

Temperature, K

Figure III-3. H2-TPR profiles for non classical SIM andDIM catalysts
supported on Si02.
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Non classical catalysts

In TPR experiments of non-c1assical alumina supported catalysts treated by

hydrazine no hydrogen consumption was observed as a result of a very strong

anchorage of the nickel ions on the support. Contrary to that the non c1assical SIM

catalysts supported on Si02 exhibited typical H2- TPR profiles (Fig. 111-3). The peaks

observed correspond to the reduction of supported Ni2
+ ions by the hydrogen since

aqueous hydrazine reduction was inefficient, as mentioned above. The reducibility of

these species depended on the method of preparation and was different from that ofNi2
+

ions stemming from c1assical catalysts. The 1Ni8i02(V)-H exhibits a broad H2-TPR

peak (Fig. 111-3) at a higher temperature (1024 K) than that of the 1NiSi02 c1assical

catalyst (1013 K) (Fig. 111-2). This may be due to a stronger interaction with the support

which, in turn, probably results from the formation of smaller partic1es. In contrast, the

double impregnation catalyst 1NiIEDTAlSi02(V)-H is not reduced at the same

conditions (Fig. 111-3). This confirms desorption of the active phase from the surface of

the catalyst during the preparation in hydrazine media. The non-c1assical catalysts,

strikingly, produced nitrogen around 450 K and hydrogen at higher temperatures (Fig.

111-4).

400 600 800

Temperature, K

1000

Figure III-4. Nitrogen production during TPR study for non classical catalysts.
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These gases are ascribed to the decomposition of surface NH species previously

formed during the hydrazine aqueous treatment at 353 K. During the TPR experiments,

under the heating in the gas phase, they decomposed at a higher temperature on the

catalyst surface.

A detailed examination of the TPR profiles shows that the temperature of

hydrazine decomposition changes with the nature of the support and method of

preparation (Table 111-2). The amounts of nitrogen evolving also changed with the

nature of the catalyst and, moreover, were larger than that of nickelloading (Table 111­

2). This strongly indicates that hydrazine widely adsorbed on the support in the aqueous

media at 353 K, in a way which depended on the nature of the support, in very good

agreement with the support acidity reported above.

400 600 800
Temperature, K

1000 1200

Figure III-5. Hydrogen production during TPR study.

Evolution of nitrogen (Fig. 111-4) was observed with both silica SIM and DIM

non-c1assical catalysts. For these catalysts the evolution of nitrogen means that the
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adsorbed hydrazine species decomposition occurs at 450 K. The H atoms of hydrazine

probably desorbed as gaseous ammonia which was not analyzed during the TPR

measurements.

Table III-2. N2 desorption dnring H2- TPR stndy.

Catalyst
Temperature of N2

N2 desorbed *10-3 [mol*gcat-1
]

desorption, [K]

1NiAh03-H 458 2.0

INilEDTAIAl20 r H 453 8.6

1NiSi02(V)-H 439 2.2

INilEDTAlSi02(V)-H 456 2.0

In contrast, a hydrogen production was observed besides that of nitrogen (Fig.

III-5). Two types ofhydrogen species are observed. The first one appears at around 450

K, concomitantly with nitrogen desorption and the second one at higher temperatures.

The peaks at 450 K are ascribed to the partial decomposition of adsorbed hydrazine as

nitrogen and hydrogen [68-69]. As to the high temperature peak of hydrogen, it could

be due to the formation and incorporation of H-species in the catalyst at 450 K then

desorption at higher temperatures.

Several studies showed that gaseous hydrazine could decompose as mixtures of

nitrogen + ammonia or nitrogen + hydrogen [68-69].

2.2.3. XRD stndy

The XRD study gives the information about the structure and presence of nickel

in the metallic state on the support surface. The XRD patterns of the Si02 catalysts

confirmed the amorphous character of this support (Figure III-6). Moreover the

presence of the nickel particles was not detected. This could be ascribed to the relatively

low nickel content (1 % wt.) and high dispersion on the nickel metal phase.

The XRD study confirmed the structure of the Ah03 (Fig. III-7). This structure

is also preserved after hydrazine reduction. No reduction of support occurred during

N2H4 treatment.
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Figure III-8 shows the XRD patterns of the nickel catalysts supported on

alumina oxide. There is no reflects originated from the metallic nickel. The reflect at

44.5° ofNio could be hidden by the large reflect of the alumina support observed in the

same region or too weak due to the low nickel content or high dispersion. The XRD

study confirmed that the modification of alumina with nickel does not change its

structure. No aluminates phase was detected in the XRD patterns of the nickel catalysts.

Moreover the absence of the reflect due to the reduced nickel could be explained by the

relatively low nickel content (~1%) and/or very small nickel particles size and high

dispersion.

20 40 60

28,0
80 100

Figure III-6. XRD patterns ofthe silica supported catalysts.
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20 40 60

2e,o
80 100

Figure 1II-7. XRD patterns ofthe alumina support.

20 40 60
2 e, 0

80 100

Figure III-S. XRD patterns ofthe nickel catalysts supported on A120 3•
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2.2.4 Degree ofreduction

The degree of reduction was detennined after a treatment under pure hydrogen

for 2 h at 673 K and 773 K for non-classical and classical catalysts respectively. In these

conditions, a11 the catalysts were reduced. The amount of reduced nickel atoms was

measured by oxygen adsorption at 723 K and 823 K for non-classical and classical

catalysts, respectively. The obtained results show that the method of preparation or

nature of the support detennined the degree of reduction. These results are reported in

Tables III-3 and III-4.

Table III-3. Degree ofreduction for classical catalysts.

Oz uptake degree of
catalyst xto-5 reduction

[mol g-ca/] %

1NiAh03 9.31 103

1NiiEDTAIAlz03 7.32 86.1

INiSiOz(V) 5.84 68.7

1NilEDTA/SiOz(V) 2.45 27.0

Classical catalysts

The 1NiAlz03 cata1yst showed the total reduction (103%), whereas the catalyst

prepared by double impregnation was only 86.1% reduced (Table III-3). It can be

concluded that double impregnation with HzNazEDTA does no facilitate the reduction

of the NilAlz03 system. The Alz03 catalysts prepared by the hydrazine reduction

exhibited lower degree of reduction (Table 111-4), in good agreement with the TPR

study which showed that they were of 10wer reducibility. In the hydrazine treated

catalysts, the supported nickel acetate precursor was directly reduced under the

hydrogen flow, whereas the classical precursor was previously calcined. Earlier studies

have shown that, in sorne cases, a more complete reduction to meta11ic nickel could be

achieved when the supported nickel salt was directly reduced with hydrogen than when

a reduction fo11owed a previous calcination in air [70]. This is not the case here; also, as
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suggested above, this may be a result of a stronger interaction of nickel ions with the

support for the H-catalysts.

Tahle III-4. Degree ofreductionfor non classical catalysts.

O2 uptake degree of
catalyst xtO-5 reduction

[mol g-cat-1
] %

1NiAh03-H 3.63 42.7

1Ni/EDTAIAh03-H 5.86 70.6

1NiSi02(V)-H 7.19 84.6

1Ni/EDTAlSi02(V)-H 5.76 67.7

Non classical catalysts

The degree of reduction was found lower for the catalysts supported on Si02

than that supported on Ah03. On Si02, the catalyst prepared with H2Na2EDTA

presented a very low degree ofreduction (27%) whereas the INiSi02 catalyst, prepared

by simple impregnation, showed a degree of reduction more than two times higher

(68.7%). It could be explained by the TPR study. The TPR profile ofthis catalyst shows

one high temperature reduction peak (Fig. 1II-2). It originates from the reduction of

nickel in cationic fonn. The temperature of the reduction used in this study was not

enough high to provide the higher reduction of this catalyst. The SIM catalyst prepared

by the chemical treatment with hydrazine showed a higher degree of reduction than the

c1assical one. This is in contrast with the alumina catalysts as a result of the support

effect.

2.2.5 H 2-adsorption study

The H2-adsorption was used for the detennination of the dispersion and partic1e

size of the metal active phase after a pretreatment under a hydrogen flow at 673 K or

773 K for the non-c1assical or c1assical catalysts, respectively. The results obtained are

reported in Tables III-S and 1II-6.
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SiOz, and Alz03 as well as EDTA/SiOz and EDTAIAlz03 supports did not adsorb

hydrogen after the hydrogen thennal pretreatment.

Table III-S. Characteristic ofthe classical catalysts.

catalyst

INiAlz03
1Ni/EDTAIAlz03

1NiSiOz(V)

INi/EDTAlSiOz(V)

Hz adsorption
dispersion

particle
xI0-5 size

[mol gcat-
1

]
[%]

[nm]

0.35 4.1 24.7

0.38 5.2 19.5

0.59 10.2 9.9

0.12 5.0 20.0

Table III-6. Characteristic ofthe non classical catalysts.

Hz adsorption
dispersion

particle
catalyst xI0-5 size

[mol gcat-
1

]
[%]

[nm]

1NiAlz03-H 0.34 9.5 10.6

INi/EDTAIAh03-H 0.17 3.0 33.7

INiSiOz(V)-H 0.60 8.4 12.0

INi/EDTAlSiOz(V)-H 0.00

For the c1assical catalysts the higher dispersion and smaller nickel partic1e sizes

were found in case of the SiOz catalysts. Moreover, the dispersion of the INiSiOz(V)

catalyst is two times higher than that of INiIEDTAISiOz(V) catalyst. Contrary to that

the dispersion of the double impregnated INi/EDTAIAh03 catalyst is higher than that

of the SIM catalyst. It could be conc1uded that introduction of EDTA allows the

reaching a better dispersion for the catalysts supported on Ah03 while for the silica

supported catalysts EDTA provides growth of the nickel partic1es. Moreover, the EDTA

addition seems to incorporate the nickel ions at the cationic position into the pores of

the catalyst while simple impregnation allows creating the surface nickel species. The
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very high temperature reduction peak (1013 K) observed for this catalyst is similar to

the Hz-TPR profiles shown in the literature for the catalysts prepared by ion exchange

method [71].

Non-c1assicallNi/EDTA/SiOz(V)-H catalyst did not adsorb the hydrogen at all,

which again confirms desorption of the Ni-EDTA complex during the reduction by

hydrazine. The more significant part of active phase was out of the catalyst providing

absence of the activity for this catalyst. Generally, the c1assical catalysts prepared by

DIM adsorbed more hydrogen than the double impregnated catalysts prepared by the

hydrazine reduction. The c1assical and non-c1assical catalysts without EDTA adsorb

nearly the same quantities ofhydrogen.

2.3. Catalytic activity

2.3.1 Testings

After a Hz thermal treatment, the catalysts became active and selective in the gas

phase hydrogenation ofbenzene to cyc1ohexane. No activity was observed without this

treatment. The bare silica or alumina supports, previously treated or not in aqueous

hydrazine, were inactive. The results are reported in Fig. III-9 and 111-10.
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Figure 1II-9. Catalytic activity for classical catalysts.
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The catalysts exhibited a maximum of activity as a function of the reaction

temperature. The temperature of this maximum depends on the method of preparation

and nature of the support. It is attributed to the competitive adsorption of the benzene

and H2 reactant molecules [26, 60-61]. The activity of the catalysts in the benzene

hydrogenation strongly depends on the partic1e size. It was found that the hydrogenation

of benzene reaction is a structure sensitive one [18-20]. In the case of highly dispersed

materials, the changes in the catalytic activity were related to the combined effects of

partic1e size, surface coverage with adsorbed species, and active site dimension [21].

Classical catalysts

The best catalytic performances are obtained with the 1NiSi02(V) catalyst which

is active from 348 K (6% of conversion) and totally converts benzene at 448 K (Fig. III­

9). The double impregnation method leads to a dramatic decrease of the activity: the

maximum of conversion hardly reaches 30% for INiIEDTA/Si02(V). For the catalysts

supported on Si02 the activity increases with increasing the dispersion and decreasing

the partic1e size of the nickel. It could be explained by the reducibility of this catalyst.

The maximum of the reduction peaks are 892 and 1013 K (Fig. III-2) and the degrees of

reduction are 27% and 68%, respectively (Table III-S). The nickel present on the

surface is less reduced and the nickel oxide is not an active phase.

The alumina support decreases the maximum of conversion to 45% and at a

higher temperature (473 K) (Fig. III-9) as compared to the silica support. In contrast, the

double impregnation method enhances the activity since the maximum of conversion

increases to 71 %, whereas the temperature of this maximum shifts to 448 K. The lower

activity of the alumina catalysts, as compared to that of the silica ones, is due to their

lower reducibility as shown from the TPR results (see above). In these alumina catalysts

the higher degree of reduction was found for the catalyst prepared by double

impregnation (Table III-5). Its activity is also higher than that of the catalyst prepared

by simple impregnation.

Non classical catalysts

The non-c1assical INiSi02(V) catalyst exhibits similar activity as c1assical one

for the simple impregnation method (Fig. lII-lO). In contrast, the non-c1assical double

impregnation catalyst is completely inactive in benzene hydrogenation. It confirms the
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desorption of the Ni-EDTA complex when hydrazine was introduced in the liquid

media. The more significant part of active phase was out of catalyst, providing the

absence of the activity for this catalyst.
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Figure lII-lO. Cata/ytie aetivity for the non classieal catalysts.

When alumina is the support, the non-classical catalyst is more active than the

classical one for simple impregnation method: the maximum of conversion passed from

45 to 92% at 474 K (Fig. III-9 and lII-lO). In contrast, the double impregnation

decreases the maximum conversion from 71 % to 58% and increases the temperature of

this maximum from 344 to 474 K. Comparison of the non-classical catalysts shows that

the double impregnation decreases the maximum conversion from 71 to 51% at 448 K.

The results of the benzene hydrogenation cou1d be weIl correlated with the

dispersion of nickel active phase. For the non-classical catalysts supported on Alz03 the

activity increases with increasing the dispersion and decreasing the particle size of

nickel. The 1NiSi02(V) and 1NiAlz03 non classical cata1ysts have a dispersion and

catalytic activity comparable at high reaction temperatures. At lower reaction

temperatures, the former is much more active due to a better reducibility as showed the

H2-TPR and degree of reduction experiments.
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2.3.2 Stability test

The stability test was carried out at 423 K for a set of catalysts. The results are

shown in Figures III-Il and 1II-12.

Figure III-Il shows the conversion of benzene versus time on stream at 423 K

for alumina non c1assical catalysts. The SIM non c1assical lNiAlz03-H catalyst showed

high stability with time on stream, although sorne deactivation was observed. The

catalyst is initially activated during the reaction-test from 80% to 90% conversion. This

activation is attributable to a deeper reduction during the hydrogenation reaction. It was

incompletely reduced by the H2/623 K pre-treatment. Note that the TPR results showed

this catalyst was not reduced under a 100 ppm H2/Ar flow. Contrary to that, the non

c1assical DIM catalyst was found to be less active and less stable. Deactivation was

observed after 20 min of reaction and the activity decreased from 45 % to 22 % after

960 min of test. It could be conc1uded that the reduction of nickel by hydrazine forms

the stable nickel partic1es which resisted well to the coke formation. EDTA seems to

decrease the stability of the nickel supported on alumina catalysts.
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Figure III-Il. Benzene conversion versus time on stream
for Ah03 SIM and DIM catalysts.
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In case of the SIM catalysts supported on the Si02 oxide (Figure III-12) the

deactivation was lower than for the alumina catalysts. The c1assicallNiSi02 showed the

highest stability in the conditions used. The non c1assical INiSi02(V)-H catalyst was

activated from 90 to almost 100% conversion within 200 min then a little deactivated.

The activation process would also be due to a deeper reduction of nickel in the reaction

conditions. The catalyst was also found more difficult to reduce in the TPR experiments

conditions (Fig. 1II-2 and 1II-3).
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Figure III-I2. Benzene conversion versus time on stream
for Si02 SIM catalysts.

3. CONCLUSIONS

The surface acidity of the supports used changes as manifested by the

isopropanol test-reaction: Si02 < Ah03. The incorporation of Ne+ ions in the oxide

matrix by simple or double impregnation method gives rise to metal-support

interactions to a more or less extent.

Various nickel surface species were evidenced by the H2- TPR study. According to

the catalyst preparation method used or/and support, the nickel phase exhibited various

reducibility, surface or hydrogenating properties. As a general trend, the best

performances are obtained with the silica support, which seems to interact less with the
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nickel. The metal-support interactions are the highest when Ah03 is used as the matrix

for nickel.

The supported precursors were shown to be not reduced in aqueous hydrazine at

353 K, as initially desired, because a stable blue surface complex [Ni(N2&)n]2+ was

fonned. In the mean time, hydrazine molecules adsorbed on the catalyst support in the

aqueous media. Vnder a heating flow these molecules decomposed to gaseous mixtures

N2(+NH3) or N2+H2 according to the nature of the support with amounts and at a

temperature depending on the support acidity, in good agreement with the isopropanol

test-reaction.
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CHAPTERIV
NICKEL CATALYSTS

SUPPORTED ON REDUCIBLE
OXIDES-Nb20 s



INTRODUCTION

La fonction du support des catalyseurs métalliques supportés est généralement

double : elle fournit et stabilise le métal dans un état fortement dispersé et, en agissant

sur le métal, elle peut influencer ses propriétés catalytiques. Les interactions entre le

support et le métal peuvent moduler les propriétés catalytiques intrinsèques de la phase

supportée. Il est connu généralement que les oxydes réductibles sont de bons candidats

pour mettre en évidence ce genre de phénomène. Les oxydes de niobium et de cérium,

selon la littérature, peuvent subir une réduction par traitement thermique sous flux de

Hz. Les interactions metal-support fortes semblent jouer un rôle crucial dans la

réactivité des catalyseurs de nickel supportés sur ces oxydes. Les effets des supports

Nb20 S ou CeOz sur les propriétés du nickel ont été étudiés. Dans ce chapitre nous

présentons les catalyseurs Ni/Nb20s. Les catalyseurs Ni/CeOz seront présentés dans le

chapitre suivant.

Nb20 S est un support à la fois réductible et acide. Ses propriétés de support ou de

promoteur des réactions catalytiques sont remarquables. Il a un comportement différent

de ses voisins du Tableau Périodique des Eléments (V, Zr, Mo), d'où l'intérêt croissant

de son utilisation en catalyse. Les catalyseurs Ni/NbzOs préparés ont été étudiés dans la

réaction d'hydrogénation de benzène. La préparation a été effectuée par la méthode de

1'hydrazine ou par voie classique, à partir de précurseurs obtenus par simple ou double

(EDTA) imprégnation.
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1. INTRODUCTION

A great variety of catalysts contain active phases in the form of nanometer-sized

particles, of metal or oxide, dispersed over the surface of a second carrier or support

material. The function of an oxide carrier in supported metal catalysts is generally two­

fold: it provides and stabilizes the metal in a highly dispersed state and, by interacting

with the metal, it may influence its catalytic properties. The properties of the bulk and

surface structure of the metal particles are the key factors that control their performance

[1]. The metal support interactions that can be established between the supported phase

and the support can further modulate the intrinsic catalytic properties of the supported

phase [2]. It is generally acknowledged that reducible oxides are good candidates to

exhibit this kind ofphenomenon [2].

Ceria and niobium oxides, according to the literature, can undergo reduction

processes when treated with Hz under relatively mild conditions [3-4]. The strong metal­

support interaction (SMSI) in this case seems to play a crucial role in the catalytic

properties ofthese oxides used as the support for nickel catalysts.

The activity and selectivity of a supported metal catalyst are strongly influenced

by the amount of metal, the size of dispersed metal particles, the preparation method

and the support composition [5-6]. Evidence has been found that in many systems the

carrier exerts a marked influence on the properties of the metal particles supported on it

[5]. The application of HzNazEDTA in the stage of nickel catalysts preparation favored

a high dispersion of an active phase [7-9]. Modification of the support using

impregnation by HzNazEDTA has influence on the way of metal bonding, which is

added in the next stage of preparation. It changes the concentration of metal in catalyst,

decreases average nickel crystals size. Presence of the EDTA adsorbed on the support

surface assures homogenous distribution of the metal ions. The effect of the presence of

EDTA is particularly visible in the low and average concentration of metal ions.

The supported nickel catalysts exhibit various nickel species due to the existence

of various metal-support interaction strengths. As a consequence, the reducibility,

surface or hydrogenating properties changed as a function of the nature of the support or

method ofpreparation.

In this chapter we present results on the surface and catalytic properties of

NilNbzOs catalysts. Next chapter is devoted to Ni/CeOz catalysts.
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Hydrated niobium pentoxide, Nb20 s*nH20, which is usual1y cal1ed niobic acid,

have strong acidic properties on the surfaces and is used as solid acid catalyst. In

particular, niobic acid containing large amounts of water exhibits high catalytic

performances for acid-catalyzed reactions in which water molecules participate or are

liberated [10].

Niobium compounds and materials are now interesting and important catalysts

for various reactions. Although there are few differences in electronegativity and ionic

radius between Nb and its neighbors (V, Zr, Mo) in the periodic table, it is intriguing

that the catalytic behaviors of niobium compounds are quite different from those of the

surrounding elements compounds [10]. Thus, the research and development on the

catalytic application of niobium compounds have been very active for the last 20 years.

The characteristic features of niobium compounds are the promoter effect and the

support effect [11]. Niobium oxides remarkably enhance catalytic activity and prolong

catalyst life when the smal1 amounts are added to known catalysts. Moreover, niobium

oxides exhibit a pronounced effect as supports of metal and metal oxide catalysts [10].

In our study two methods of impregnation were used, namely simple (SIM) and

EDTA double (DIM) impregnation method. Two methods of preparation were used. L11

c1assical preparation, the impregnated precursor salt (nickel acetate) is calcined in air

then reduced under a hydrogen flow. In non c1assical preparation, the impregnated

precursor salt is reduced in aqueous hydrazine media at 353 K then treated under same

hydrogen flow. For more details, see Experimental section. Notation of prepared

catalysts is listed in Table N -1.

106



CHAPTERIV

Table IV-l. Nickel catalysts supported on Nb20so

%wt. Ni
catalyst

of Ni impregnation

1NilNb20S 1 SIM, classical

5NilNb2Os 5 SIM, classical

INiJEDTAlNb20 S 1 DIM,classical

1NiINb2Os-H 1 SIM, non classical

INiJEDTAlNb2OS-H 1 DIM, non classical

3NilNb2OS-H 3 SIM, non classical

5NilNb2OS-H 5 SIM, non classical

5NilNb2OS-H(b)* 5 3 steps (1 %-3%-5%)
Non classical

Nb20 S

Nb2OS-H Non classical

* (h): stepwise reduction in hydrazine media (see Experimental Section).
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2. RESULTS AND DISCUSSION

2.1. Reduction of NilNb20 s catalysts by hydrazine

In the reduction of nickel by the hydrazine, the reaction is expected to proceed

according to the following equation [8-9]:

2Ni2+ + N214 + 4 OK - 2 Nio + N2 + 4 H20 (1)

The green color of Ni2+ ions fIfst changes to blue, that of the [Ni(N2H4)n]2+ complex

intermediately formed, then progressively to dark, that of colloidal Nio particles. In

addition, dinitrogen evolves in the exit gas from the reduction flask. The blue complex

is formed via the substitution of water ligands by hydrazine ligands and decomposes by

heating.

For SIM or DIM Ni/Nb20 S precursors, aIl these color changes did not occur and

no gaseous dinitrogen evolved, whatever the nickel content used: 1, 3, or Swt.%. The

catalyst color became b1ue and not changed to dark. This is ascribed the formation of a

very stable [Ni(N2H4)nf+, firmly attached to the niobia support.

In contrast, we remarkab1y succeeded in nickel reduction by using a stepwise

procedure in case of 5%Ni content catalyst. 1ïdeed, after three successive impregnations

(total Ni content: 1% then 3% and finally 5wt.%), the final solid, denoted as SNiINb20 S­

H(b), was prone to the reduction by aqueous hydrazine at 353 K. The green color of the

solid was changed to blue then dark and nitrogen was detected in the exit gas.

It is now weIl established that stepwise impregnation of Ni/Si02 catalysts leads

to strongly and weakly adsorbed Ni2+ [14]. Nickel in strong interaction is obtained by

impregnation of the nickel salt followed by water-washing or by ion-exchange then

calcination. Nickel in weak interaction is obtained by impregnation to Ni2+ ions

previously strongly attached to silica. The latter ions serves as a "chemical glue" [15] to

the former. Nickel in strong interaction is identified as phillosilicate or grafted nickel

depending on the preparation conditions. The anchoring of the metal particles onto the

support was found to occur via Nt or Ni2+ ions located at the metal-support interface

[16]. Basing on these data one can suggest that, for Ni/Nb20 S catalysts, nickel ions are

strongly anchored to the support up to 3% content and thus cannot be reduced by the

hydrazine. These ions, in tum, make up an interface on which the excess nickel

introduced by the third impregnation weakly adsorbs and, consequently, becomes more
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reducible and glVes rise to metallic nickel phase: the reduction by hydrazine then

proceeds via reaction (1) to a certain extent (see below H2-TPR studies).

2.2. Characterization of catalysts

2.2.1. XRD study

Fresh hydrated Nb20 S is amorphous. This was confirmed by the XRD patterns

(Fig. IV-1). The H2 as well as hydrazine treatment did not change the structure of

niobium pentoxide (Fig. IV-1).

20 40 60
28,0

80 100

Figure IV-1. XRD patterns ofthe niobium support.

+ 0-
0

a + hexagonal Nb,os
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Figure IV-2. XRD patterns ofthe nickel supported on Nb20 s catalysts.
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In contrast, the XRD pattern of the calcined NiNb20 S samples showed a

crystallized phase of niobium oxide with the hexagonal structure (Fig. IV-2) after a H2

treatement at 773 K.

Impregnation of the support with 1 wt.% of nickel does not change the

hexagonal order of the material. However, at the higher nickel content (5wt.%), the

XRD patterns (Fig. IV-3) showed two crystallized phases after the hydrogen treatment

at 773 K of c1assical catalyst. The first phase with the main reflection peaks at 22.686

and 28.585 could be ascribed to hexagonal Nb20 S and the second with the main peaks at

26.132,35.336 and 51.954 to the rutile structure of the Nb02 phase [17]. The hydrogen

treatment of Nb20 S provided the change of the sample color from white to gray which

could confirm the partial reduction of white Nb20 S to black Nb02• In contrast, the XRD

pattern of the non c1assical 5Ni/Nb20 S-H(b) catalyst differs from that of the c1assical

catalyst. There is no diffraction reflects from the hexagonal Nb02 phase. The started

material stays amorphous after the hydrazine reduction.

::i
ni
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liic: _ ...... '"'"'
J!!
.E

20 40 60
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Figure IV-3. XRD patterns ofthe 5NilNb20 S' 5NilNb20S-H

and 5NilNb20 S-H(b) fresh catalysts.

XRD patterns for both 1 (Fig. IV-2) and 5 (Fig. IV-3) wt.% Ni c1assical catalysts

did not show peaks which could originate from metallic nickel. However, one should

remember that XRD technique is not sensitive if the amount of phase is too low (less

than 5 wt%). Moreover, if the partic1e size of nickel is very small, XRD patterns cannot

detect them. Nevertheless, the XRD pattern of the 5Ni/Nb20 S-H(b) catalyst prepared by
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the 3 steps impregnation, showed one detectable reflect at 44.5 0 which originates from

the metallic nickel withfcc structure. It confirmed that the reduction on nickel has taken

place after stepwise procedure of impregnation.

2.2.2. TEM study

The TEM micrographs of the calcined classical 5NiNbzOs and non classical

5NiNbzOs-H(b) catalysts are shown in Fig. IV-4 and IV-5, respectively. For the former

catalyst, the TEM image showed weIl dispersed nickel particles with the average

particle size of 30 nm (Fig. IV-4). The TEM image of the non classical catalyst differs

from that of classical one. Indeed, the nickel particles are not visible (Fig. IV-5).

However, the X-ray microanalysis carried out on this sample showed the presence of

the reduced nickel species. Very small nickel particles (~lnm) are formed and not

detected by the TEM technique used in this study. The method of preparation strongly

influences the final metal particle size.

Figure IV-4. TEM image ofthe 5NilNb20 S calcined catalysts.
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Figure IV-5. TEM images ofthe 5NiNb20s-H(b) catalyst.
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2.2.3. XPS study

Niobium oxide

The XPS Nb 3ds/z spectra of the pure NbzOs and NbzOs-H(b) samples (Fig. IV­

6) show two well defined peaks at 207.1 and 209.5 eV which correspond well to the

reported binding energies ofNbzOs [18]. The 0 ls (Fig. IV-7) spectra ofboth samples

are also nearly the same. There is one predominant peak at 529.8 eV which originates

from the skeleton oxygen from NbzOs. A second peak at 532.7 eV could be attributed to

the formation ofhydroxyls groups on the catalyst surface.

Interestingly, the spectra of the NbzOs-H(b) sample, exhibit a N 1s peak (Fig.

IV-8) at a binding energy BE = 400 eV due to NZH4 adsorbed on the surface [18].

NiINb20 s catalysts

The XPS spectra of classical 5NiNbzOs and non classical 5NiNbzOs-H(b)

catalysts were recorded before and after hydrogen reduction at 773 K.

1. The XPS Nb3ds/z spectra of the calcined classical catalyst and fresh hydrazine

treated catalysts (Fig. IV-6) are very similar and show the same peaks from niobium

oxide. It means that the reduction with hydrazine does not change the structure of the

niobium species.

Contrary to that, the XPS spectra of catalysts reduced by hydrogen show four

peaks at 209.5, 208,207.1, and 205.5 eV. The peaks at 208 and 205.5 originate from

NbOz oxide [18]. It is known that the high temperature reduction (1073-1573 K) of

NbzOs with hydrogen gives the bluish-black dioxide NbOz that has a distorted rutile

structure and is diamagnetic. This reduction is reversible [4]. In the case of this work,

the temperature of the hydrogen treatment is much lower (773 K) and nevertheless the

reduction occurred, although probably for a few superficial oxide layers (gray color

instead of dark). This could be ascribed to the presence of nickel in the surface layers

which promoted the niobium partial reduction. This reduction is in a good agreement

with the XRD study findings.
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Figure IV-6. XPS spectra ofthe Nb3ds/2 region.
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Figure IV-7. XPS spectra ofthe Ols region.
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2. The 0 ls region was also investigated (Fig. IV-7). The analysis of the

corresponding spectra showed the presence oftwo peaks at 529.7 eV and 532.7 eV for

classical catalysts calcined or reduced. The main peak at 529.7 eV is related to the

oxygen anions, 0 2- , bound to the metal cations in the lattice [18]. The second peak at

532.7 could be attributed to the formation of hydroxyl groups on the catalyst surface.

Non-classical 5NiNb20S-H(b) catalyst also showed one well defmed peak at 529.7 eV

which originates from the 0 2- anions. However, the hydroxyl group peak at 532.7 is

less intense.

3. The Ni 2p3/2 spectrum of the calcined classical catalyst exhibits a peak at

856.1 eV, characteristic of the presence ofNh03. The spectrum (not shown here) ofH2

reduced classical catalyst shows one very small but detectable peak at 852.5 eV which

corresponds to Nio [18]. The spectra of fresh and reduced non classical catalysts show

the presence ofthe Nh03 only, detectable by the peak at 856.1 eV. The absence ofNio

on the surface of the catalyst can be explained by the reoxidation of the nickel particles

by air during the drying. Small nickel particles of the hydrazine treated catalyst are

probably more rapidly oxidized than the larger ones for classical catalyst. Moreover, the

low concentration of surface nickel species detected by XPS could confmn the

passivation of nickel by niobium. The catalysts were not activated in hydrogen flow

before the XPS study.

4. The N 1s spectra of the hydrazine catalyst (Fig. IV-8) shows one peak at 400

eV due to the N2H4 adsorbed on the surface. The position of the peak, identical to that

found for Nb20 s-H alone (Fig. IV-8), shows that hydrazine is probably adsorbed only

on the niobium oxide support.
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Figure IV-8. XPS spectra ofthe N ls region.

2.2.4. FTIR measurements

IR bands in the skeletal reglOn (Figure IV-9) for hydrated Nb20 S and that

detected for Ni-impregnated samples were compared. Because of the high acidity of the

support one can expect the strong interaction of Nb20 S with the nickel salt. In fact,

acidic hydrated niobia oxide reacted chemicaily with Ni-acetate during the

impregnation foilowed by calcination. IR bands in the skeletal region for hydrated

Nb20 S and that detected for Ni-impregnated samples were compared.

In case of both impregnated methods, the final materials exhibit weil resolved

bands in the 500-1000 cm-1 region not characteristic for the initial support. It indicates

the chemical reaction between nickel species and niobia support leading to the change

in the IR spectra.
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Figure IV-9. FTIR measurements ofniobia catalysts.

2.2.5. Isopropanol decomposition

The acidity of the support plays a crucial role in the chemistry of the supported

nickel catalysts [19]. The acidity of the hydrated niobia used as the support and the

classical catalysts was estimated on the basis of isopropanol dehydration (Fig. IV-10).

Dehydration towards propene formation as well as reaction producing diisopropyl ether

occurs with the participation of acidic centers on the catalyst surface. For all catalysts

tested, propene was the main reaction product, indicating acidity of the materials.

Moreover, the high conversion of alcohol (>15%) confirmed the high acidity of the

niobia oxide materials. Remarkably, in the presence of nickel, the conversion increased.

Moreover, the results showed that the impregnation with EDTA salt decreases the

acidity ofthe final materia1.
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Figure IV-l (J. Isopropanol decomposition for niobia catalysts.

Because of the high acidity of the support one can expect the strong interaction

of Nb20 S with the nickel salt. In fact, acidic hydrated niobia oxide reacted chemically

with Ni-acetate during the impregnation step followed by calcination. This was

evidenced by IR spectroscopy measurements, as described above.

2.2.6. H 2-TPR study

Support

The pristine Nb20 s support, previously calcined, is reduced under hydrogen flow

(100 ppm/Ar) in programmed temperature as shown in Fig. IV-ll. The main step of

reduction occurs at 1023 K and is ascribed to the reduction of bulk niobium oxide, in a

good agreement with the XRD and XPS studies presented above. A second peak is also

observed from 523 K. 1t could be due to the reduction ofNbOx superficial species. The

reduction of the superficial oxide species could also account for the shoulder arising at
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750 K. The partial reduction of the support could be confinned also by the change of the

sample color after TPR test from white to gray.

It is worth noting that the H2- TPR of pure Nb20 s calcined in air at 773 K for 5 h

has been reported [20] and did not show any reduction peaks up to 773 K. This may

originate from the oxide precursor which was supplied from another commercial source.
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The H2- TPR profile ofNb20 ssomewhat changed after a treatment in aqueous hydrazine

(Fig. N-11). Pure Nb20 s support, previously treated in aqueous hydrazine, consumed

very small amount of hydrogen which gave rise to a peak at around 1050 K, ascribed to

the reduction of bulk niobium oxide. In contrast, the peak at 523 K and a shoulder at

750 K were absent and, in addition, the oxide released gaseous nitrogen at 440 K (Fig.

IV-12). In the basic aqueous media, the fresh oxide reacted with hydrazine and fonned

stable NH-surface species. These species were evidenced by the XPS study. They were

decomposed by the heating under hydrogen during the TPR experiments. Superficial

reduction of the support by hydrazine may explain the absence of the reduction peak at

523 K and the shoulder at 750 K. Bulk Nb20 s was also partially reduced by the
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hydrazine, explaining the low amounts of hydrogen consumed as compared to classical

Nb20 S behavior.

A -
400 600 800

Temperature, K
1000

Figure IV-I2. production olN2 during H2-TPR study on Nb20s-H.

Classical catalysts

The TPR profiles of the calcined classical catalysts comprise two peaks (Fig. IV­

13-15). The high temperature peak (900- 1050 K) may be ascribed to niobium reduction

whereas the lower temperature peak (700 - 850 K) may be due to the reduction of nickel

species strongly interacted with the support [20]. Very strong Ni-niobium oxide

interactions are very well known [20-24]. It causes a mutual influence on the reduction

of the two components. Recall that bulk NiO reduction under H2 flow occurs from 500

K [25-26]. Thus for 1Ni/Nb20 s catalyst the temperature peak of reduction of is

decreased to 963 K whereas that ofNiO is as high as 790 K. However, this is not a case

for the higher Ni content of 5 %: for 5Ni/Nb20 s, the temperature peak of Nb20 S

reduction is not changed whereas that ofNiO is lowered to 695 K.

These results reflect the various strengths of metal-support interactions in the

catalysts. Let us first consider nickel reduction. At a low nickelloading, a great part of

nickel atoms is in a close contact with the support, also the high temperature peak

prevails for nickel reduction. In contrast, at a higher loading, a part of the Ni precursor
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not directly or less attached to the support will probably more easily form Niü species,

which are reduced at lower temperatures. Ifone considers the support, its temperature of

reduction is lowered by thé strong interaction with nickel in the presence of 1% metal

loading. At the higher loading of 5% the weakness of metal-interaction does not change

the reduction temperature ofNb20 s.

The H2- TPR study of 2%-15%NiINb20 s catalysts was reported [20].

Examination of the profiles showed that the peak of reduction occurred at temperatures

depending on the nickel loading. This was ascribed to the existence of strong-metal

support interactions.

Note that the DIM preparation (Fig. N-13) gives rise to a higher temperature of

nickel reduction as compared to the SIM preparation.

400 600 800

Temperature, K

1000 1200

Figure IV-13. H2- TPR profiles for 1% Ni DIM catalysts.
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400 600 soo 1000 1200

Temperature, K

Figure IV-14. HrTPRprofiles of5% Ni catalysts.

400 .600 800
Temperature, K

1000 1200
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Figure IV-15. HrTPRprofiles ofthe 1% Ni catalysts.
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Non classical catalysts

The non classical catalysts exhibit H2-TPR profiles due to presence of unreduced

nickel species. These species may a.rise from an incomplete reduction of the supported

Ni2+ ions by hydrazine [27] or from reoxidation of Nio species due to moisture

contamination.

The TPR profiles obtained differ from that of classical catalysts (Fig. IV-15).

There is only a more or less well-defined peak with the maximum at 780-790 K

(lwt.%Ni) or 723 K (5wt.%Ni) which originates from the reduction of nickel species.

Stronger interactions are expected to occur in lwt.%Ni catalyst. The small peak at 450

K in case of 5%Ni content can be attributed to isolated Niü particles more easily

reduced. The partial reduction of this catalyst is attested by a change of the color from

green to gray. The peak of support reduction is not observed in the temperature range

examined. One may speculate it was reduced in the aqueous hydrazine media catalyzed

by the nickel.

400 600 800 1000
Temperature, K

1200

Figure IV-16. N2 desorption during H 2-TPR.
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The N2 desorption, due to the decomposition of hydrazine species adsorbed on

the surface, was observed for the catalyst with 1 wt.% Ni loading. This is shown in Fig.

IV-16 for DIM catalysts. A main peak arises at 440 K (with a shoulder) and a smaller

one at 830 K. These peaks are ascribed to different adsorption sites of hydrazine on the

niobia support. N2 desorption was not observed for 5Ni/Nb20S-H(b) catalyst. An excess

of nickel ions prevented the reaction ofhydrazine with the niobia support.

2.2.7. Degree ofreduction

The amount of reduced nickel atoms was measured by oxygen adsorption at 723

K after a treatment under pure hydrogen for 2 h at 673 K. The obtained results are

reported in Table IV-3.

It is known that the high temperature reduction of Nb20 S with hydrogen gives

the bluish-black dioxide Nb02 that has a distorted rutile structure [4]. The presence of

the Nb02 phase with a rutile structure was weIl confirmed by the results of XPS and

XRD studies. This reduction is reversible and the Nb02 reoxidation gives rise to Nb20 S.

Taking into account this reaction, the degree of reduction after H2 treatment at 673 K

was calculated as 54.4% for calcined Nb20 Sand 27% for Nb20s-H treated with aqueous

hydrazine (Table IV-3).

This reaction was also taken into account for the calculation of the reduction

degree of the nickel-niobia catalysts, supposing the same degree of support reduction.

This is an approximation since, in the presence of nickel, the reduction of Nb20 S was

facilitated according to the TPR study. The values obtained are in fact maximum degree

ofreduction. From Table IV-3 it can be seen that the degree ofreduction changes with

the nickel content and method of preparation.
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Table IV-3. Degree ofreduction for niobia catalysts.

amounts of O2 degree of reduction

catalyst consumed calculated

[mol*gcat-1
] *10-5 [%]

INiNb20 5 24.28 78

1NilEDTAINb20 5 25.22 89

5NiNb20 5 70.11 123

Nb205 17.63 56

INiNb205-H 17.59 87

INilEDTAlNb205-H 19.26 104

5NiNb205-H 44.02 79

5NiNb205-H(b) 47.29 89

Nb205-H 10.23 27

The classical INilEDTA/Nb20 s catalysts showed a higher degree of reduction

than that of the SIM catalyst (89.3% against 78.2%). This is also the case of 1%Ni non

classical catalysts (104% against 87%). One can suppose that EDTA ions could

facilitate the reduction of nickel species formed on the surface when Nb20 s support is

applied. These results also show an improvement in nickel reduction for hydrazine

treated catalysts.

Remarkably, 5NiNb20 s classical catalyst exhibits a degree ofreduction (123%)

which exceeds the stoichiometric ratio. This high maximum value may reflect excess

reduction of niobium oxide (>56%) in the presence of nickel, not taken into account in

our calculations. In contrast, for hydrazine treated materials, increasing nickel content to

5wt.% does not increase the degree ofreduction, although the metal phase became more

reducible according to the TPR study (Fig. N -14). Recall that 5Ni/Nb20S-H(b) cornes

from a stepwise preparation method which included the intermediate formation of

nickel species firrnly attached to the support. These species were less prone to the

reduction. The method of preparation influences on the interaction of the catalyst

surface with hydrogen.

125



CHAPTERIV

2.2.8. H2 adsorption study

After a H2 thermal treatment, both SIM and DIM c1assical as well as non

c1assical catalysts did not adsorb hydrogen at room temperature. This is tme for 1 or 5

wt.%Ni contents. It could be attributed to a very strong interaction of nickel partic1es

with the matrix [4, 22]. As evidenced from the IR spectra, the nickel ions reacted with

the niobium oxide providing the blockage of the hydrogen adsorption capacity of nickel.

Hydrogen adsorption on Nb20 S supported nickel catalysts has been already

reported for higher nickel contents (2%-15%) [20]. Very low surface areas (sI m2 g-l)

were found after a reduction with hydrogen at the temperature of 673 K, i. e. nickel

atoms are not easily accessible for hydrogen. SMsr would be responsible for the

suppression of hydrogen adsorption. However, it was suggested that, during the

reduction and cooling down the sample in flowing hydrogen, the nickel surface

remained covered with hydrogen atoms [20,22-23].

2.3. Catalytic activity in benzene hydrogenation

After a H2 thermal treatment, the niobia supported catalysts are not active in the

gas phase hydrogenation of benzene to cyc1ohexane. Only the c1assical 5%Ni exhibits

sorne activity (1.1 % of conversion at 448 K). The absence of activity is ascribed to

strong metal-support interactions, which hide the access of nickel to the reactant

molecules [25]. Nickel partic1es on the niobia surface did not present catalytic activity

and are randomly distributed at the surface, and then the catalytic activity decay is

expected to be of the same order of magnitude as surface coverage. Another reason of

inactivity may reside in the mechanism ofbenzene hydrogenation. It is admitted that the

support can furnish the adsorption sites for the aromatic molecule, in the form of

carbonium ions, and in the vicinity of the metal partic1es, the adsorbed molecule can

react with the spilt-over hydrogen from the metal [28-30]. In this work, niobium oxide

is acidic and probably strongly adsorbs the benzene molecules and also may suppress

the catalytic activity. It is worth noting that Ni/Nb20 S catalysts were found active in

hydrogenation of carbon monoxide [22-23]. In this case, the adsorption strength of CO

on the support is much weaker than that of benzene and also CO could be more easily

converted.
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3. CONCLUSSIONS

The resultsobtained in this work confirmed that niobia is a typical SMSI oxide.

The SMSI effect is manifested in the preparation of non c1assical catalysts. Indeed, in

this case, it prevents the supported Ne+ ions from the reduction by aqueous hydrazine

for l, 3 or 5wt.% Ni content. The prevention in nickel reduction is also observed when

the support is pre-adsorbed with EDTA. Only when stepwise procedure is performed

the reduction could proceed: superficial Ni2
+ ions weakly attached are formed and

reduced on a layer of nickel species strongly bonded to the support. In contrast,

hydrazine reduced the support and formed stable surface N-H species.

The very strong interaction between niobia surface and metal active phase not

always is favorable for the catalytic processes. The interaction of nickel with Nb20 S

caused a high suppression of nickel activity in the hydrogenation reaction. Moreover, it

was shown that Ni supported on hydrated niobia was not active towards hydrogen.

It could be proposed that preferential deposition on nickel occurred on the niobia

monolayer which is more difficult to reduce and which could favor the formation of

nickel niobate compounds. The very strong nickel-niobia interaction could play a

crucial role in the passivation phenomenon ofnickel active sites.
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CHAPTERV
NIC EL CATALYSTS

SUPPORTED ON REDUCIBLE
OXIDES-Ce02



INTRODUCTION

L'oxyde réductible Ce02 est jaune, stable, avec urie structure cubique de type

fluorine. C'est un non-stoechiométrique qui se transforme réversiblement de CeIV, en

atmosphère oxydante, en CeIII (Ce203), en atmosphère réductrice. Il est isolant sous

forme Ce02 et conducteur sous forme Ce02-x, La non-stochiométrie apparaît au-delà de

620 K sous flux d'hydrogène. Les lacunes d'oxygène sont responsables de la

conductivité ionique. La mobilité superficielle de l'oxygène dans ce matériau en fait un

bon réservoir d'oxygène qui catalyse la combustion du carbone et résiste au cokage.

Les catalyseurs métalliques supportés sur oxyde de cérium ont été beaucoup

étudiés. Les métaux de transition accroissent les propriétés redox de cet oxyde. L'effet

bénéfique mutuel entre Ce02 et le nickel a été mise en évidence, notamment en catalyse

d'hydrogénation. Le phénomène du « spillover» d'hydrogène y a été démontré.

Nous avons étudié une série de catalyseurs NilCe02, préparés par la méthode de

l'hydrazine avec une composition en nickel de 1%, 3% et 5%. La réaction test est

l'hydrogénation du benzène.
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1. INTRODUCTION

Cerium (IV) oxide is a stable yellow oxide with a cubic fiuorite structure. It has

been extensively studied because of its interesting redox and high dispersive properties

[1]. Ce02 is able to change reversibly from CeN
, under oxidizing conditions, to Cern

(giving Ce203), under reducing conditions. Oxygen atoms in Ce02 units are very mobile

and leave easily the ceria lattice, giving rise to a large variety of non-stoichiometric

oxides with two limiting cases, Ce02 and Ce203. These non stoichiometric oxides can

he produced by reduction at Temperatures much higher than ambient (2: 620 K) in

hydrogen [1]. The oxygen vacancies are responsible for the ionic conductivity of the

ceria. Ceria has an insulator hehavior in the stoichiometric oxidized state Ce02 and

becomes conductor in the reduced state Ce02-x, acquiring a great capacity to store and

to carry oxygen.

Cerium oxide is used as a catalyst in a wide variety of reactions involving the

total oxidation or partial oxidation ofhydrocarbons [2-3]. It is well known that the ceria

can act as a local source or sink for oxygen involved in reactions taking place on the

ceria surface or on other catalytic materials supported on ceria [2].Ceria is also noted for

its ability to resist to carbon deposition and to catalyze the combustion of carbon [4].

Cerium-based catalysts containing transition metais have attracted increasingly

attention in recent years due to their high oxygen storage capability [5-12]. Various

studies have shown that the redox properties can be considerably enhanced if additional

elements are introduced into the Ce02 lattice [7, 12-20]. Because 4f orbitaIs give Them a

surplus of atomic electron valence, rare earth elements can be used to promote the

activity and stability of metal catalysts [14]. Sorne authors conc1uded that the

modification of the cerium oxide with noble metals considerably decreases the

reduction Temperature and it was postulated that hydrogen atoms formed by dissociative

adsorption on the noble metals were spilled over Ce02 oxide [21-22]. The beneficial

association between species based on nickel and cerium both in oxidized and reduced

states have been evidenced [13-14]. Ce02-NiO catalysts have been studied in many

hydrogenation reactions [14-17] by taking the advantage of their redox property. The

spillover phenomenon was also postulated for the NiO supported ceria catalysts [23-24].

In This study, the nickel supported on Ce02 oxide catalysts were prepared by the

chemical reduction with hydrazine as described in the Experimental section. The

catalysts prepared are listed in Table V-I.
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Table V-1. Catalysts preparation.

Catalyst

INiCe02-H

3NiCe02-H

5NiCeOrH

Ce02

Ce02-H

2. RESULTS AND DISCUSSION

wt.% of Ni

1.00

3.00

5.00

2.1. Reduction of Ni2+ supported on Ce02

In contrast with hydrazine reduction of the Nb20 s nickel supported catalysts, that

of the catalysts supported on Ce02 occurred very easily. The base and redox properties

of Ce02 enhance the reducibility of nickel [1]. After hydrazine addition, the

impregnated solid changed color from green to blue, indicating the formation of nickel

complex [Ni(N2&)3f+. This complex readily turned next to black, indicating that the

reduction of nickel ions occurred.

2.2. Characterization of the catalysts

2.2.1. XRD stndy

XRD patterns of the cerium oxide are given in Figure V-1. The spectra show

well crystallized Ce02 oxide with the fluorite structure. Moreover the hydrazine

reduction does not change the structure of the oxide.

Fig. V-2 shows the XRD patterns of the nickel catalysts supported on Ce02 after

hydrazine reduction. The presence of the reflects originated from the support confirmed

that the fluorite structure of the Ce02 is well preserved. The reduction of cerium oxide

was not observed. However, it is known that hydrazine can reduce the cerium [1]. The

absence of the additional diffraction signal was explained by the low extent of the

reduction of ceria which takes place in a thin surface layer of the sample [1].
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XRD study confrrmed the reduction of nickel ions. AlI nickel catalysts showed

one large reflect at 44.56° which corresponds well to the metallic nickel with fee

structure [25]. Intensity ofthis reflect increases with increasing the nickel content in the

sample. Using the Scherrer formula the average size of nickel partic1es could be

calculated. The resu1ts are given in Table V-2.

-
~ 1 kCe02 1 1

Ce02-H 1 .... J l J l
1 1 1 1 1 1 1

.20 30 40 50 60
:2 e, 0

10 80 90 100

Figure V-l. XRD patterns ofthe CeOz and CeOrH oxides.

Table V-2. XRD study.

Catalyst Diffraction reflect [0] Partide size [nm]

1NiCeOrH 44.535 26.3

3NiCeOrH 44.535 42.1

5NiCeOrH 44.535 37.2
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3NiCeO

5NiCeO

10090

1._----=5NiCe02-H

3NiCe02-H

1NiCe02-H

8060 10
2 e, 0

5040

1NiCeO

3020

Figure V-2. XRD patterns ofthe nickel supported catalysts

after hydrazine reduction.

The lowest particle size was obtained for INiCe02-H material (26 nm) as

compared to the 3NiCe02-H (42 nm) and 5NiCe02-H (37 nm) catalysts. This could be

explained by the dispersion of nickel particles on the surface. Lower nickel content

allows to obtain the higher dispersion of the nickel active phase.

2.2.2. TEM and STEM studies

The TEM study was carried out on the INiCe02-H catalyst. TEM and STEM

images have been taken. Moreover, the EDS and X-mapping analysis have been done.

The results are given in the Fig. V-3-V-9.
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Figure V-3. TEM image ofthe INiCe02-H catalyst.
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Figure V-4. EDS analysis ofthe A region.

Figure V-S. EDS analysis ofthe B region.
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TEM study showed that nickel on the cenum oxide surface exists m two

different forms. The spherical very small particles detected by X mapping analysis (Fig.

V-7) and bigger star-like nickel structures as shown on the Figure V-3. The presence of

these nickel structures is very interesting and not yet presented in the literature for the

nickel supported on CeOz support. The EDS analysis confirmed high degree of

reduction of these nickel structure (Figure V-4): no NiO species were detected. X

mapping analysis also shows that 0 species (Fig. V-9) come from Ce02 (Fig. V-8) and

not from NiO (Fig. V-7). These images also confirmed that, after reduction by

hydrazine then washing and drying, the nickel stay in reduced form.

Figure V-6. STEM image ofthe lNiCe02-H catalyst.
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Figure V-7. X - mapping analysis-NiKA.

Figure V-8. X - mapping analysis-CeLA.
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Figure V-9. X- mapping analysis-OKA

STEM image is shown in Fig. V-6. It also shows the nickel star-like structures

with a size of 0.45 /lm.

The EDS analysis has permitted to identify the chemical constitution of the

cerium oxide. It confirmed the Ce02 chemical structure of the support. It is in good

accordance with the XRD study which showed the rutile structure of the cerium oxide.

The reduction of Ce02 by hydrazine may occur but in the superficial region not

detectable by the EDS or XRD techniques.

2.2.3. HrTPR study

The H2-TPR studies on the samples were carried out after hydrazine reduction.

The results are given in Fig. V-10 and V-Il.

H2-TPR profile of the Ce02 oxide (Fig. V-lO) showed two high temperature

peaks at 832 K and 1019 K. These peaks originated from the reduction of Ce02 into

Ce203. The reduction occurs first at the surface (oxygen atoms in a tetrahedral

coordination site, bonded to one atom of Ce4l [5-6, 13],then progressively in the bulk.

Thus the lower temperature peak is assigned to the easily reducible surface oxygen,

while the high temperature peak results from the removal of the bulk oxygen [5-6, 13].
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Figure V-JO. TPRprofiles ofthe Ce02 and Ce02-H.

The TPR profile of the Ce02-H sample treated with hydrazine differs from that

of the Ce02 material. The profile showed only one high temperature peak at 1065 K

whereas the peak at 832 K characteristic for the non-treated oxide is not present. The

temperature peak at 1065 K for Ce02-H sample corresponds weIl to the high

temperature peak at 1019 Kobserved for the Ce02 sample. However, it is shifted to

higher temperature, which could be explained by the larger fraction of reduction of the

bulk by the hydrazine. As to the absence of the low temperature peak around 830 K, it

could also be explained by the partial reduction of reducible surface oxygen by the

hydrazine during the treatment.

Fig. V-lI shows the TPR profiles of the nickel supported catalyst. The profiles

exhibit two peaks, the one at 453 K and the other above 1100 K. These peaks

correspond to the presence of unreduced nickel species. These species may arise from

an incomplete reduction of the supported Ni2+ ions by the hydrazine [27-28] or from
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reoxidation ofNio species due to moisture contamination. This can be set out from other

observations.

453

400 600 800 1000 1200

Temperature, K

Figure V-lI. H2-TPRprofiles ofthe nickel supported on Ce02-H catalysts.

The very low temperature peak at 453 K may be due to isolated surface Ni2
+

ions. The peak observed could be explained by the XRD study. Indeed, this study

confirmed that the nickel is reduced after the hydrazine treatment. In addition, the

presence of the nickel oxide on the XRD patterns was not detected. It can be supposed

that, after hydrazine reduction, nickel particles could be reoxidized by oxygen from air

during the filtration and drying (see Experimental section). This oxidation is superficial

and reversible. This could explain the very low temperature of the reduction of these

particles in TPR. The small quantities of hydrogen consumed (3%- 7%) as shown in

Table V-3, confirms superficial oxidation. Moreover, although the intensity ofthis peak

increases with increasing nickel content in the catalyst, strikingly, there is no decrease
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in the temperature of reduction with increasing nickel content. Such a decrease in

temperature is expected as a result of decreasing metal-support interactions [29]. This

sertIes the assumption of the existence of nickel oxide surface species due to moisture

contamination. In addition, the peak of reduction of these species appears at the lower

temperature as compared to c1assically prepared catalysts [26, 30-31].

Table V-3. Hydrogen consumption during H2-TPR study.

Catalyst

3NiCeOrH

5NiCeOrH

H2 *10-5

consumption
[mol*min-1*gca/]

0.94

1.71

5.72

% of Ni [%]

5.5

3.4

6.7

The second large peak above 1100 K originates from the reduction of the

support. This peak well corresponds to the high temperature peak (1065 K) observed for

the Ce02-H sample. However, it is shifted to higher temperature which could be

explained by the larger fraction of reduction of the bulk oxygen as compared to the

support alone: the reduction of the least reductible Ce02 species is promoted. The

promoter role of the nickel could play the crucial role in these reduction processes.

2.2.4. Degree ofreduction

The cerium support showed sorne reduction at 573 K. However, the reduction is

negligible as compared to the nickel content. The results (shown in Table V-4) are in

good accordance with the H2-TPR study which showed that the reduction of cerium

support occurs at high temperatures (Figure V-lO). Compared to the fresh sample, the

cerium oxide treated with hydrazine at 353 K showed a lirtle higher degree of reduction

(2.6 against 3.2%). It could be conc1uded that the hydrazine treatment provide the sorne
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reduction of the ceria surface. Indeed, it was shown that the hydrazine reduced ceria

oxide but reduction occurred only in the thin layers on the oxide surface [1]. Moreover,

the TPR study showed absence of the reduction peak at 832 K observed for the fresh

oxide.

Table V-4. Degree ofreduction ofthe support and supported catalysts.

O2 *10-5

Catalyst consumption Degree of

[mol*min-1*gca/] Reduction [%]

1NiCe0 2-H 7.36 86.8

3NiCe02-H 23.3 91.3

5NiCeOrH 39.3 92.5

Ce02 0.78 2.6

Ce02-H 0.97 3.2

The degree of reduction for nickel supported Ce02 catalysts is high (86.8%­

92.5%). It increases a little with increasing the Ni loading from 1% to 3% then almost

not changes for 5%.

2.2.5. H2-adsorption study

The chemisorption behavior of the supports (Ce02 and Ce02-H) was studied

under the same condition as the nickel supported Ce02 catalysts.

The chemisorption study at room temperature showed that, whatever the state is

(treated or not with hydrazine), support did not adsorb the hydrogen. The quantities of

the hydrogen adsorbed by the nickel catalysts (Table V-5) allow to calculate the

dispersion and average size of the nickel partic1es. The results are given in Table V-5.
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Table V-5. Characteristics ofthe catalysts.

Catalyst
Particle

H2adsorbed H2desorbed Dispersion Sizea
[mol*gcat-1

] *10-5 [mol*gcat-1]*10-5 [%] [nm]

Particle
Sizeb

[nm]

1NiCeOrH 0.36 0.41 4.2 23.5

3NiCe02-H 0.63 0.58 2.4 41.0

5NiCeOrH 1.06 0.87 2.5 40.1

Ce02

Ce02-H

afrom the Hz-adsorption
bfrom the XRD study

26.3

42.1

37.2

The highest dispersion was found for the catalyst with 1% wt. content. It was

nearly two times higher than that for the catalysts with higher nickel loading (4.2%

against 2.4%). It is very well known that metalloading influences the metal dispersion

on the support. More metal ions present during the impregnation gives rise to partic1e

size growth. The impregnation is one of the size determining step in preparation of

nickel catalysts supported on oxides.

The partic1e size calculated from the H2 adsorption data correspond well to the

average partic1e size calculated from the XRD study using the Scherrer formula (Table

V-5). The lowest average size of nickel partic1e was found for INiCe02-H catalyst (23.5

nm) while nearly the same values of 40 nm were found for catalysts with higher nickel

loading.

2.2.6. H2- TPD study

The H2-TPD study (Figure V-12) permits to designate different species of nickel

active phase. Desorption of hydrogen depends on the interaction between the hydrogen

molecule and nickel active phase.

Temperature of desorption could give the information about the hydrogen-nickel

strength. The TPD profile of the 3NiCe02-H catalyst showed two main domains of
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desorption in low (658 K) and high (868 K) temperature ranges respectively. The first

peak of desorption could be attributed to the hydrogen weakly adsorbed on the nickel

surface and the second peak with the maximum of desorption originates from the

desorption ofhydrogen strongly adsorbed on nickel surface. Remarkably, the desorption

starts at a re1atively high temperature, around 575 K.

The TPD profile of the catalyst with 1 wt.% of nickel showed onlyone large

domain of desorption at higher temperature range with the maximum of desorption at

868 K. This peak corresponds to the nickel strongly adsorbed on the nickel surface. It is

also present on the TPD profile of the 3NiCe02-H catalyst (Figure V-12). The starting

desorption temperature is remarkably much lower (450 K) for 1%Ni catalyst.
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Figure V-i2. TPD-H2 profiles ofthe supported nickel catalysts.

The TPD profile of the 5NiCe02-H catalyst differs from that of the catalysts

with lower nickel loading. There is only one very large desorption peak with the

maximum of desorption at 711 K. This peak comprises several shoulders, the one may

149



CHAPTER V

correspond to the low temperature peak (658 K) of3%Ni catalyst. In addition, this peak

starts from almost room temperature.

The TPD results also showed that the quantities of the hydrogen desorbed are

similar or lower than the quantities of the hydrogen adsorbed at room ternperature. It

could be supposed that the hydrogen was adsorbed only on the nickel surface.

2.3. Catalytic activity

The nickel catalyst supported on Ce02 are claimed to be active in the gas phase

hydrogenation of benzene. Indeed, aH nickel catalysts studied showed catalytic activity

in the temperature range 348-498 K. The support was inactive in this reaction. The

results are given in Table V-6 and Fig. V-B.
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Figure V-13. Catalytic activity for NiCe02 catalysts.
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The maximum activity was reached around 440-480 K. This maximum is always

observed in aromatic hydrogenation over group VITI metal catalysts. The existence of a

maximum of activity may have several causes. It has been ascribed to a decrease in the

surface coverage by the aromatic with increasing temperature which, at sorne point,

results in a decrease in the reaction probability. However, the observed maximum could

also be accounted for by the competitive adsorption of the benzene and hydrogen

reactant molecules.

The temperature of the maximum activity is almost the same with 1%Ni and

5%Ni catalysts (around 460 K) and higher for 3%Ni catalyst (around 480 K).

Table V-6. TOF's for NiCe02 catalysts.

Catalyst

5NiCeOrH

Benzene conversion
at 373 K [%]

1.9

2.5

7.5

TOF at373 K
[molecBz*s-1*site-1]

0.010

0.004

0.011

The highest conversion was obtained for the catalyst with 5% wt. of nickel.

Conversion of benzene for this catalyst reached 57% at 473 K (Fig. V-13). However,

the catalytic activity passes through a minimum for 3% Ni content (conversion of 27 %

at the same temperature). TOF at 373 K is also minimum for 3%Ni (0.004 S-l) whereas

that of 1 and 5%Ni are similar (0.010 S-l) (Table V-6). It is worth to note that the results

obtained at 373 K (0.004-0.011 S-l) are in fair agreement with that reported values

obtained at 353 K over classical nickel catalysts supported on different oxides (0.005­

0.025 S-l) [32].

The benzene hydrogenation reaction has been recently used as a tool for

estimating the percentage of metal exposed on low loaded ceria supported rhodium

catalysts [33], because of the structure insensitive character of this reaction for that
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catalysts. Thus the catalytic activity in this reaction will only depend on the number of

metal atoms available at the surface of the catalyst [34].

There is not a complete agreement about the origin of the metal ceria interaction

produced after high temperature reduction. Two effects of SMSI have been invoked,

namely the decoration of the metal partic1es by cerium suboxides patches and formation

of metal-cerium alloys [33]. These effects would not affect the structure intensivity of

the benzene hydrogenation reaction. However, they can modify the intrinsic activity of

the catalysts.

The partic1e size (Table V-5) seems to not play a role in the determination of

these properties, probably because the dimensions obtained (>20 nm) are too big to

observe variations in nickel surface atom topology. In contrast, 3%Ni catalyst reactivity

is very low, notably at low temperature: at 373 K the TOF is almost twice lower than

that of 1 or 5%Ni catalysts. This may be due to Ni-CeOz interactions where the nickel

phase is partly decorated by the support component [29-32].

The existence of the spillover hydrogen phenomenon is well evidenced [35-36].

The molecules of hydrogen dissociate on the nickel surface and migrate to the support.

Spillover hydrogen under reducing conditions contributes to achieve the reduction of

the nickel ions or even produce CeIII sites through an electron transfer from the nickel

partic1es to ceria [22]. These electrons are accepted in the 4f hybrid orbital of cerium.

Ramoroson et al. [22] reported the existence of a spill-over effect of hydrogen atoms

over Ni/CeOz catalysts. The hydrogen dissociates at the nickel surface (Nio) and

transfers protons to the ceria support, generating new hydroxyl groups. The high

activity is explained in this case by the excess of electrons at the metal surface.

The activity order of the prepared catalysts may be related to hydrogen

activation process during the hydrogenation reaction. Indeed, it is worth noting that 1

and 5%Ni catalysts desorb hydrogen from a lower temperature (300 K- 450 K) than

3%Ni catalyst (575 K). This means the existence of low energy activation sites for the

hydrogen, producing very reactive H-species during the hydrogenation reaction. As a

result, minimum activity is observed with 3%Ni catalyst and higher activity with 1 and

5%Ni catalysts. As far as hydrogen spillover effect is concemed, its intensity would be

minimum for 3%Ni catalyst and same for 1 and 5%Ni catalysts.
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3. CONCLUSIONS

The chemical reduction by hydrazine of nickel catalysts supported on Ce02

oxide occurred very easily. The partial reduction of the support by hydrazine was

observed. Moreover, this soft reduction is especially remarkable since the reduction of

ceria with hydrogen starts only at 640 K. The chemical reduction permits to obtain

[relatively weIl dispersed] nickel particles with average particle size :'.S 40 nm. The

catalysts showed great reducibility.

Prepared catalysts showed activity in the gas phase hydrogenation of benzene

and confmned the hydrogenating properties of the nickel supported ceria catalysts.

Metal support interactions seem to be responsible for variations in both dispersion and

activity with the nickel content.

The TEM and STEM studies showed the presence of the star-like structures of

nickel not observed before for the nickel supported on Ce02 catalysts.
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BIMETALLIC Ni/Ag

NON CLASSICAL CATALYSTS



INTRODUCTION

Les nanopartic1es de métaux nobles ou de transition ont attiré beaucoup

d'attention en raison de leurs propriétés peu communes comparées à celles des

matériaux conventionnels polycristallins. Considérant que dans le solide

macromoléculaire, les atomes superficiels contribuent à seulement une fraction

relativement petite du nombre d'atomes de métal, les nanopartic1es contiennent presque

tous les atomes en surface. On peut supposer que tels atomes ont des nombres de

coordination inférieurs à ceux des atomes de cœur et, par conséquent, ils montrent une

activité considérablement grande.

La synthèse des nanopartic1es métalliques a été au centre de nombreuses études

dans les dernières décennies. Quelques techniques très réussies ont été développées

pour produire l'or, l'argent, le nickel, le platine, le cuivre et d'autres matériaux comme

nanopartic1es. Récemment, l'intérêt croissant pour la préparation d'alliages métalliques

comme AU/Pd, AU/Pt, FelNi, Ni/Cu and Ni/Ag a été montré. On a démontré que les

nanoparticules bimétalliques présentent des performances très largement supérieures à

celles des particules monométalliques.

Des catalyseurs nickel-argent (1 %) supportés, préparés par réduction chimique

avec de l'hydrazine, ont été étudiés. Différentes concentrations en Ag et Ni ont été

employées. Deux modes de réduction d'hydrazine ont été utilisées: réduction du nickel

supporté et réduction-précipitation du nickel. Deux types de silice commerciale ont été

employés comme supports pour la phase active de Ni-Ag: la silice Chempur d'aire

spécifique de 15 m2g-1 très bien cristallisée et la silice Degussa qui est une silice

amorphe d'aire spécifique de 250 m2g-1
.



CHAPTER VI

1. INTRODUCTION

Nanopartic1es of transition or noble metals have attracted much attention

because of their unusual properties compared with the conventional polycrystalline

materials. Whereas in the macromolecular solid, surface atoms contribute only a

relatively small fraction of the total number of metal atoms, the nanoparticles contain

almost all surface atoms [1]. It follows that such atoms have lower coordination

numbers than in the bulk, and as a consequence, are expected to exhibit greatly

enhanced activity to all manner of substrates [1]. The synthesis of metal nanoparticles

has been focus of numerous studies in the last decade. Sorne very successful techniques

have been developed for producing gold [2-4], silver [5-7], nickel [8-12], platinum [13],

copper [14] and other materials as nanoparticles.

Recently, increasing interest has been shown in preparing metal alloys such as

Au/Pd [15], AU/Pt [16], Fe/Ni [17], Ni/Cu [18-19] and Ni/Ag [20-23]. It has been

demonstrated that, even with small partic1es, bimetallic c1usters are vastly superior to

their monometallic counterparts [1,15].

Nickel supported catalysts are widely used in heterogeneous catalysis due to

their high hydrogenating properties. Many parameters determine their catalytic activity

in hydrogenation processes. The activity strongly depends on the nature of the support

which may modi:fy the properties of the active phase. The extent of metal-support

interaction and support acidity seems to play a crucial role in complex chemistry of

nickel supported catalysts [24-27]. Silver supported catalyst is considered as an

excellent catalyst in epoxidation and oxidation reaction [28-29]. However, it is not

active in the hydrogenation processes. Nevertheless, incorporation of silver to palladium

catalysts improves the hydrogenation properties [30].

The study of 1% nicke1-silver supported catalysts prepared by the chemical

reduction with hydrazine has been investigated. Different concentrations of Ni and Ag

have been used. Two modes of hydrazine reduction were used (see Experimental

section): i) the reduction of previously impregnated nickel acetate (I-mode); ii) the

precipitation-reduction of dissolved nickel acetate in the presence of a suspension of the

support (P-mode). Two types of commercial silica were used as the support for Ni-Ag

active phase: amorphous silica from Degussa with high surface area of 250 m2g-1

denoted as Si02(D) and weIl crystallized silica gel from Chempur with the low specific

surface area of 15 m2g-1 denoted as Si02(C). The catalysts are denoted as follows:
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xNi(Ag)I(P)C(D) where x, I(P), C(D) and H represent the nickel content, the

impregnation(precipitation) catalyst preparation method, C(D) the

crystallized(amorphous) nature of the support and H the hydrazine treatment,

respectively. The list of catalysts prepared is given in Tables VI-l and VI-2.

Table VI-l. Bimetallic NiAgSi02(C)-H catalysts prepared.

catalyst wt. % wt.% Si02

Ag Ni support

INiP(C)-H 1.00 C

90NiAgP(C)-H 0.10 0.90 C

75NiAgP(C)-H 0.25 0.75 C

50NiAgP(C)-H 0.50 0.50 C

1NiI(C)-H 1.00 C

90NiAgl(C)-H 0.10 0.90 C

75NiAgl(C)-H 0.25 0.75 C

50NiAgl(C)-H 0.50 0.50 C

lAgl(C)-H 1.00 C

Table VI-2. Bimetallic NiAgSi02(D)-H catalysts prepared.

catalyst
Wt.% Wt. % Si02

Ag Ni support
90NiAgP(D)-H 0.10 0.90 D

75NiAgP(D)-H 0.25 0.75 D

50NiAgP(D)-H 0.50 0.50 D

90NiAgl(D)-H 0.90 0.10 D

75NiAgl(D)-H 0.25 0.75 D

50NiAgl(D)-H 0.50 0.50 D

lAgl(D)-H 1.00 D

162



CHAPTERVI

2. RESULTS AND DISCUSSION

2.1. Study of the supports

Fig. VI-1 shows the XRD patterns of the Si02(C) before and after hydrazine

treatment [denoted as Si02(C)-H support]. The hydrazine treatment does not change the

quartz structure of the support.

l-

f--' - il,
~Si02(C)-~

~ v 1.. J \. ~Si02(C) }

35 40 45
2 e, 0

50 55 60

Figure VI-l. XRD patterns ofthe SiD2(C) and SiD2(C)-H supports.

The amorphous character of Si02(D) was weIl confirmed by the XRD study

(Figure VI-2). The hydrazine treatment [see Si02(D)-H] did not a1so change the

support.

It can be supposed that texturaI and structural properties of these supports differ

and provide the different interaction with nickel active phase. These interactions are

responsible for different catalytic activity of the catalysts

163



CHAPTER VI

10 20 30 40
2 e, 0

50 60

Figure VI-2: XRD patterns ofthe Si02(D) and Si02(D)-H supports.

The acidity of the supports was determined by adsorption of pyridine coupled

with FTIR measurements which allows a c1ear distinction between Bf0nsted and Lewis

acid sites. The pyridine molecule reacts with the Lewis acid centers giving the

characteristic band, at around 1590 and 1450 cm- l [31-32]. IR band at 1545 cm- l is

attributed to pyridine adsorbed on Bf0nsted acid sites. The results obtained are shown in

Fig. VI-3. In case of the Si02(D) support, the IR spectra showed two mains sharp bands

at 1596 and 1445 cm- l
. The bands gradually disappeared after evacuation. After

successive evacuations, the initial spectrum of silica is recovered. No irreversibly

adsorbed amine was found. It could be conc1uded that the Si02(D) silica comprised

Lewis acidity. The 1584 cm- l shoulder peak originates from the weakly adsorbed

pyridine and weak band at 1485 cm- l could be ascribed to the overlapping of Lewis acid

sites [33]. Contrary to that, the crystallized Si02(C) exhibit weak bands at 1590 and

1450 cm- l as a result of very weak Lewis acidity. A shoulder (1580 cm- l
) or weak bands

(1438 and 1432 cm-l) are also detected. They are ascribed to physisorbed pyridine [32].

Chempur silica appears as less acidic than Degussa
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Figure VI-3. FTIR-Pyridine measurements.

2.2. Reduction of the supported Ni2+ ions

For metal-supported catalysts, the reducibility of the metal phase depends on the

acidity of the support. Basic supports promote the metal reduction. The FTIR study

indeed showed differences in the surface acidity of the silica supports used (Fig. VI-3).

The less acidic SiOlC) support was expected to facilitate the reduction of the Ni2
+ ions

in the hydrazine aqueous media more than the Si02(D) support could do.

Impregnated catalysts

The green color of Ni or Ni-Ag catalysts impregnated on Si02(C) changed to

dark due to Ni2
+ and Ag+ ions reduction. Colourless monometallic silver tumed to black

Ago for both supports. Contrary to that, the reduction of nickel ions supported on

Si02(D) occurs only in the presence of Ag+ ions. In the absence of these ions, Si02(D)

impregnated nickel became blue in hydrazine solution and did not change to black

supported Nio.
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The blue colour observed for monometallic nickel supported on SiOz(D) is

ascribed to supported [Ni(NzRt)3]z+ complex which is known to form intermediately in

nickel reduction by aqueous hydrazine [34]. We can admit that the interactions between

nickel complex and the silica surface on SiOz(D) are stronger than on the crystallized

SiOz(C) silica. As a result, the reducibility of nickel is weakened. In contrast, in the

presence of silver, the added metal is very easily reduced and the AgO metal particles

formed play the role of active centers for nickel reduction. It has been shown that silver

ions added to the reactant mixture accelerate the reduction of transition metals ions [35].

This effect was also observed during the reduction of nickel oxide with hydrogen in the

presence of AgzO [36].

Precipitated catalysts

For the Ni or Ni-AgPC precipitated catalysts, the reduction solution transitorily

became blue before it turned to dark, the colour of colloidal Nio. Same is observed with

Ni-AgPD precipitated catalysts. The changes observed are ascribed to formation of

[Ni(NzRt)3]z+ complex which next is reduced in the solution or in the vicinity of the

silica support (with the help of the silver for bimetallic systems), allowing Nio particles

to precipitate on the surface.

In contrast, for monometallic NiPD catalyst, the blue solution readily discolored

whereas the white silica grains became blue. No reduction occurred in this case. The

overall process is ascribed to [Ni(NZRt)3]z+ complex formation then fast precipitation on

the support. Strong interactions with the support inhibited its subsequent reduction.

2.3. Characterization of the catalysts

2.3.1. XRD study

XRD patterns of the pure Ni, Ag and Ni-Ag(1/l) particles prepared by the

hydrazine reduction at 343 K were recorded (Figures VI-4 and VI-5). Well crystallized

metallic particles were obtained.

Fig. VI-4A shows the XRD pattern of the silver particles. The reflects

correspond weIl to silver with the face-centered-cubic (j'cc) structure.
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Figure VI-4. XRD patterns ofthe unsupported silver (A) and nickel (B) particles.
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Figure VI-5. XRD pattern ofthe bimetallic Ni/Ag unsupportedparticles.

Fig. VI-4B shows the XRD pattern of the nickel partic1es with thefcc structure.

In case of the bimetallic partic1es the XRD pattern (Figure VI-5) shows weIl

resolved reflects originated from the Nio and AgO particles in fcc structure. In addition

the characteristic reflect for the (111) plane of Ni at 28 = 44.5 overlapped with that for

the (200) plane of Ag. It could be conc1uded that both Ni and Ag partic1es have a fcc

structure and most probably they form the core-shell particles with silver atoms as the

core [37]. Very easily to reduce silvers ions play a role of the foreign nuc1ei for growth

ofNi particles.

Weaker metallic signaIs were found with metal supported materials as shown in

Figures VI-6 and VI-7.
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Figure VI-6: XRD patterns ofthe NiSi02 and NiAgSi02(C) catalysts.
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Fig VI-6A and B show the XRD patterns for the Si02(C) impregnated catalysts.

The peaks of nickel and silver metallic particles with fcc structure [38] were detected

for 1NiI(C)-H and 1AgI(C)-H monometallic catalysts respectively (Fig. VI-6A). Fig.

VI-6B reports the XRD patterns of the IC impregnated bimetallic catalysts. The

intensity of the (111) silver peak at 38,116 increases as the silver content in the catalyst

increases. The (111) characteristic peak at 44.599 for metallic nickel was almost not

detected.

In case of the Si02(D) catalysts, the peaks of nickel and silver were detectable

but their intensity were very small. This is shown in Fig VI-7A and VI-7B for

impregnated catalysts. Patterns are similar for precipitated catalysts. For both C or D

supports no Ni-Ag alloys were detected.
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Ag·

Ag·

1AgI(D)-H

30 40 50 60
28,0

70 80

(B)
Ni·

1
::i
iii 90NiAgl(D)-H
;:;.
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r::

~ 75NiAgl(D)-H

50NiAgl(D)-H

35 40 45 50 55 60
2 e,·

Figure VI-7. XRD patterns ofthe lAgI(D)(A) and NilAg(B)

precipitated SiOz(D) catalysts.
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The absence of a signal or the existence of a very weak signal could confirm a high

dispersion of nickel active phase or express its low content in the catalysts.

2.3.2. TEM and STEM studies

Figure VI-8 shows the TEM images for SONiAgI(C)-H catalyst. The EDXS

analysis confirmed the presence of the nickel and silver on the support. The partic1es

were found as monometallic Ni or Ag crystallites or as bimetallic Ni-Ag crystallites. In

the bimetallic crystallites no alloy was detected but segregated metallic Ni and Ag

phases with a NilAg ratio of 1. Mean partic1e size range was 8-30 nm for both

monometallic and bimetallic Ni-Ag phases. Bigger agglomerates were also found (Fig.

VI-9).

Figure VI-S. TEMimage ofthe SONiAgI(C)-H cata/yst.
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Figure VI-9. TEM image ofthe SONiAg(D)-H catalyst.

Figure VI-JO. STEM image ofthe SONiAg(D)-H catalyst.
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(A) X - mapping - Ag

(B) X - mapping- Ni

(C) X - mapping- Si

Figure VI-ll. X-mapping analysisfor SONiAg(D)-H catalyst.
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Figure Vl-12. EDS analysisfor SONiAg(D)-H catalyst.

Fig. VI-9 shows the TEM image of the SONiAg(D)-H catalyst. It confirmed the

high heterogeneity of the NilAg phase. The same catalyst sample was examined by the

EDS and X-mapping analysis. The results are given on Fig VI-Il and VI-12. Fig. VI-IO

shows the STEM image ofthis sample.

The EDS analysis showed very high dispersion of the nickel phase (VI-12B)

well confirmed with the X-mapping study shown in Fig. VI-llB. The bimetallic Ni/Ag

systems were detected (Fig VI-llA and VI-12), however their distribution on silica

surface is not homogeneous. Moreover, the partic1e size of these bimetallic systems was

found bigger than the mono metallic nickel partic1es.
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2.3.3. Degree ofreduction

The degree of reduction was determined by oxygen adsorption measurements,

after a heat treatment under pure hydrogen (see Experimental Section). The results are

reported in Tables VI-3 and VI-4. The values reported comprise total metal (Ni+Ag)

reduction.

Silver alone is totally reduced for both silica supports. Nickel alone supported on

the Si02(C) is almost totally reduced (99.7%). Remarkably, for impregnated bimetallic

catalysts, the degree of reduction is higher with Si02(D) (91.6%- 99.9%) than with

Si02(C) support (76.2%- 85.5%). This is ascribed to a greater specifie surface area

which gives rise to a greater metal dispersion in the supported precursor and then to a

deeper reduction of nickel. It is also worth noting that, in precipitated catalysts, the

degree of reduction practically does not depend on the nature of the support. Indeed, it

is similar for both supports for a given chemical composition. This is because, in the

hydrazine media, metal partic1es mainly formed in the solution or in the vicinity of the

support, not on the support.

Surprisingly, higher degree of reduction was found for monometallic nickel

Si02(C) catalysts as compared to bimetallic catalysts. This could be explained by the

different structure of the metal partic1es formed on silica surface. In case of the Ni

catalysts the TEM study showed the presence of the fiber-like nickel partic1es [34]

while for the bimetallic catalysts the only spherical partic1es were observed. However,

the degree of reduction increases with the increasing the silver content. Thus is also the

case for Si02(D) catalysts. Reduced silver forms metal partic1es acting as foreign nuc1ei

for subsequent reduction of nickel. More silver was introduced in the reaction mixture,

more nuc1ei formed and nickel was reduced.
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Table VI-3. Characteristics ofthe Si02(C)-H catalysts.

176

H2 ads H2 des* Degree of Dispersion Particle
catalyst *10-5 *10-5 reduction Sîze

[moIH2Pca/1._JmoIH2Pca(1) [ZgJ
[%]

[nml......-

INiP(C)-H 0.39 0.88 95.6 4.5 22.3

90NiAgP(C)-H 0.27 0.29 79.4 4.4 22.8

75NiAgP(C)-H 0.63 0.38 85.3 11.4 8.8

50NiAgP(C)-H 0.27 0.20 93.2 6.7 14.8

INiI(C)-H 0.62 1.61 99.7 7.2 13.9

90NiAgI(C)-H 0.34 1.07 76.2 5.9 17.2

75NiAgI(C)-H 0.28 1.43 82.7 5.3 19.0

50NiAgI(C)-H 0.20 1.10 85.5 4.3 23.5

lAgI(C)-H 0.00 0.00 100

Table VI-4. Characteristics ofthe Si02(D)-H catalysts.

H2 ads H2des* Degree of Dispersion
Particle

catalyst *10-5 *10-5 reduction Size
[molH2gcat-l] [moIH2gcat-1] [%]

[%]
[nm]

90NiAgP(D)-H 0.52 2.04 85.2 7.6 13.1

75NiAgP(D)-H 0.45 3.03 86.2 8.2 12.4

50NiAgP(D)-H 0.35 3.17 95.6 8.8 11.6

90NiAgI(D)-H 0.35 2.51 91.6 5.1 20.1

75NiAgI(D)-H 0.24 2.39 99.1 3.8 26.4

50NiAgI(D)-H 0.15 2.10 99.9 3.4 29.2

1AgI(D)-H 0.00 0.00 100
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2.3.4. Hl-adsorption

Hydrogen adsorption at room temperature was used for the study of metal

surface area. Average metal particle size and dispersion were then calculated. The

results are shown in Tables VI-3 and VI-4.

As expected [28-29,39], silver does not adsorb hydrogen at room temperature.

Higher dispersion and smaller particle size are obtained with the Si02(C) support as

compared to the Si02(D) support. Higher dispersion is obtained with precipitated

catalysts than with impregnated catalysts. The 75NiAgP(C)-H catalyst exhibits the

highest dispersion of 11.4% and the lowest particle size of 8.8 nm. In bimetallic

systems, the dispersion decreases with increasing silver content for impregnated

catalysts but increases or passes through a maximum for precipitated catalysts.

Several factors could explain the metal dispersion observed, notably the mode of

reduction by the hydrazine and the degree of reduction. The mechanism of metal

particle formation consists in two steps: nucleation and particle growth. The difference

in the observed properties arose from the difference in the number of nuclei formed

or/and the growth rate. This difference depends on the reduction conditions (metal ion

concentration, nature of the support).

For the impregnated IC or ID catalysts, metal dispersion is already determined in

the Impregnation step and depends on the NilAg ratio. Also, during the hydrazine

reduction, nucleation and growth mainly took place on the support. For bimetallic

catalysts, AgO metal particles are readily formed and play the role of active centers for

nickel reduction. As to the growth processes of the metal nuclei formed, it is expected to

occur through surface diffusion for almost all the nuclei formed. In other words, the

final size would be determined by the primary metal particles formed. In contrast, for

PC and PD precipitated catalysts, the reduction and particle growth take place in the

solution or in the vicinity of the support (with the help of the silver) and metal

dispersion may be determined during the [Ni(N2~)3]2+ complex precipitation. The

overall process could be controlled by liquid/solid surface equilibriums. AgO metal

particles formed also play the role of active centers during the nickel reduction

processes.

To fully explain the metal dispersion observed, remind that reduction processes

and degree of reduction are intimately correlated for impregnated catalysts [40-41]. The

degree of reduction of nickel may be determined by the number of nuclei formed and,
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consequently, would increase with increasing specific surface area of the support or

with increasing silver content, as reported above. In tum, the degree of reduction may

influence the particle size growth [40-41]. In effect, decreasing the degree of reduction

of metal ions induces the smaller particle growth: the unreduced meta1 species

slowdown the rate of migration and agglomeration of the metal atoms with the metal

particle formed. This can be shown for the IC or ID impregnated catalysts (Tables VI-3

and VI-4).

The above reasoning does not hold with precipitated catalysts for which metal

reduction took place in the solution or in the vicinity of the support.

One can expect that, if the nickel and silver particles exist on the surface as

separate entities, the incorporation of silver as a second metal could decrease the metal

dispersion of the system. This wou1d be the case of 50NiAgI(C)-H impregnated catalyst

for which segregated metallic Ni and Ag phases with a NilAg ratio of 1 were identified.

For precipitated catalysts one can speculate the existence of a great number of

homogeneously distributed AgO centers in solution on which nickel ions are readily

reduced. In order to obtain monodisperse particles a first genera1 condition must be

fulfilled: nucleation and growth must be two comp1etely separated steps [35]. In case of

the bimetallic catalyst preparation, the heterogeneous nucleation can be achieved by

forming in situ seed particles before the nucleation takes place [35]. For precipitated

cata1ysts, the silver ions are more easily reduced than the nickel ions. Reduced silver

particles form meta1lic particles acting as foreign nuclei for subsequent growth of nickel

particles. This could exp1ain the increase of metal dispersion with increasing the silver

content. More silver ions introduced to the reactant mixture more silver nuclei for nickel

particles growth. The level and variation (e. g. maximum) of dispersion depends on the

NilAg ratio and support nature. The support could control 1iquid/solid surface

equilibrium. This situation favors a better dispersion as compared to impregnated

catalysts. Study of electronic and structural properties of these systems by means of

magnetism, XPS, UV-vis, Raman is in hand. Preliminary magnetic experiments

suggests the existence ofAg-core Ni-she1l structure for 75NiAgP(C)-H catalyst.
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2.3.5. H2-TPD studies

The H2-TPD experiment results are shown in Fig VI-13 -15 and Tables VI-3-4.

The catalysts exhibit two main domains of desorption in low «600 K) and high

(>600 K) temperature ranges respectively. A third domain appears at temperatures

higher than 1000 K for the set ofprecipitated D catalysts (Fig. VI-15). The first domain

at low temperatures corresponds to hydrogen weakly adsorbed on the nickel surface

whereas the second at high temperature range could originate from much more strongly

adsorbed hydrogen.

400 600 800 1000 1200
Temperature, K

731

--SONiAgl(C)-H
.7 -7SNiAgl(C)-H

4,Ox10 -<>-90NiAgl(C)-H

1000600 800

Temperature, K

400

-0- 1NiP(C)-H 787
-1Nil(C)-H4,Ox10'7

Figure VI-13. H 2-TPD profiles ofthe Si02(C) monometallic (A)
and bimetallic (B) impregnated Si02(C) catalysts.

The catalysts desorb higher amounts of hydrogen than they adsorb at room

temperature, except C precipitated Ni-Ag catalysts (Tables VI-3 mid VIA). In addition,

the hydrogen desorption is higher with the Si02(D) than with the Si02(C) (maximums

are 31.7 and 14.3 !lmol gcat-1 respectively) and foIlows metal dispersion for almost aIl

catalysts. The H/Ni ratio calculated from the desorption data could reach a value as high

as 004 [for 50NiAgP(D)-H catalyst].

The excess hydrogen desorbed may be ascribed to the hydrogen molecules

retained on the catalyst during the heat pre-treatment at 573 K under flowing hydrogen.
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These molecules are strongly adsorbed, probably at the metal-support interface or on the

support as spilt-over species [42-43]. Indeed, at room temperature, thermodynamic

experiments and ca1culations showed that only pressures of 50,000 bars the HfNi ratio

will reach values closer to 1, which is where the phase transition of nickel hydride takes

place [44-45]. Although these literature data accounted for massive nickel, we conclude

that the hydrogen desorbed here from the supported nickel arose, at least partly, from

species incorporated in the support and not in the metal. Recall also that the hydrogen

spillover phenomenon is favored by surface acid sites, extended area of the support and

good metal-support contacts [42]. This could explain that greatest amounts ofhydrogen

desorbed are observed with catalysts deposited on SiOz(D), the most acidic support

which possesses the largest specifie surface area catalysts. This also could explain that

evolution of these amounts roughly follows metal dispersion since high metal dispersion

involves good metal-support contacts.

--50NiAgl{D)-H
8,0)(10' -75NiAgl{D)-H

-0- 90NiAgl{D)-H

400 600 800 1000

Temperature, K

Figure V/-14. HrTPD profiles ofthe Si02(D) bimetallic impregnated catalysts.
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Figure VI-15. H2-TPD profiles ofthe precipitated bimetallic catalysts.

In case of precipitated Si02(C) catalysts (Fig. VI-15), the high temperature

hydrogen uptake is lower than the room temperature hydrogen adsorption, notably for

75NiAgP(C)-H (3.8 against 6.3 !lmol gcat-1
, Table V-3). The hydrogen lacking originates

from hydrogen molecules loosely adsorbed on nickel sites and desorbing during the

purging before the TPD experiments started (see Experimental Section). We can

conc1ude that there exist the low energy active sites for hydrogen adsorption.

2.3. Catalytic activity

2.3.1. Testings

The gas phase hydrogenation ofbenzene was used as a catalytic test for prepared

catalysts. AlI the catalysts showed 100% se1ectivity to cyc1ohexane. The bare supports

did not exhibit catalytic activity in this reaction. The results obtained are reported in Fig

VI-16-17 and Table VI-S.

The catalysts exhibited a maximum of activity as a function of the reaction

temperature. The temperature of this maximum depends on the method of preparation of
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the catalysts and nature of the support. This maximum is accounted for a positive

influence of the reaction kinetics at lower temperatures whereas, at higher temperatures,

the thermodynamic effect of the reaction was prevailing and then conversion decreased

[46]. The maximum of activity is also attributed to a decrease of the surface coverage

by benzene molecules at the higher temperatures [47-48].

The resu1ts obtained show that the catalytic activity is determined by the method

of preparation, Ni/Ag ratio and nature of the support. For monometallic Si02(C)

catalysts, impregnation method is better than precipitation method (conversions at 348

K are 16.2 and 2.8% respectively). In contrast, for bimetallic catalysts, precipitated ones

are the most active (Fig VI-16 and VI-17): the conversion is total from 373 K for the

former and from 413 K for the impregnated catalysts. At 373 K the conversion hardly

reaches 30% for the latter. The effect of the support or of the silver content strongly

depends on the method of preparation. For example, 7SNiAgP(C)-H and SONiAgP(D)­

H are the most active catalysts for the Si02(C) and Si02(D) supports respectively (Fig

VI-16-VI-17). Remarkably, both catalysts showed catalytic activity at room temperature

(about 1% of benzene conversion) which is not common for nickel catalysts. This is

ascribed to combined effect of method ofpreparation and presence of a second metal.
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Figure VI-16. Catalytie aetivity ofthe eatalysts in the benzene hydrogenation ofthe

precfpitated Si02(C) eatalysts (A), Impregnated Si02(C) eatalysts (B).
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Figure VI-I7. Catalytie aetivity ofthe eatalysts in the benzene hydrogenation ofthe

preeipitated Si02(D) eatalysts (A), impregnated Si02(D) eatalysts (B).

2.3.2. Stability tests

The stability of the catalysts was tested at 423 K for 16h. Typical results are

given in Fig VI-18B and VI-18D for irnpregnated and in Fig VI-18A and VI-18C for

precipitated catalysts tested at 373 K. AlI tested catalysts showed sorne deactivation in

the presence of silver. Bad stability is observed with 90NiAg(C)-H catalyst. This effect

is due to the negativœ processes occurring during the hydrogenation reaction, notably

the poisoning of active centers by the coke formation,
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Figure VI-18. Catalytic activity versus time on stream

(A) Precipitated SiO](C) catalysts

(B) lmpregnated SiO](C) catalysts

(C) Precipitated SiO](D) catalysts

(D) lmpregnated SiO](D) catalysts
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2.3.3. Nickel reactivity

The use of the turnover frequencies (TOF's) allows one to make a valuable

comparison of the intrinsic activity of the nickel surface atoms. The results obtained at

348 and 373 K are reported in Table VI-S. Generally speaking, the TüF's follow the

metal dispersion variations which are higher with Si02(C) than with Si02(D) and for

precipitated than for impregnated catalysts. However, important gaps of activity are

observed which could not be accounted for metal dispersion effect only. Indeed, very

high TüF's are obtained for 75NiAgP(C)-H (0.061 S-l_ 0.233 S-l) and SONiAgP(D)-H

(0.084 S-l_ 0.341 S-l) catalysts as compared to that of their homologues. For the latter

catalyst, the homologues are almost inactive. Moreover, at 348 K, the values observed

are higher than the standard values reported for nickel catalysts (0.005-0.033 S-l) [34,

49] and close to that obtained for platinum catalysts at 333 K (0.033-0.078 S-l) [24].

Table VI-5. Benzene conversion, TDF's and activation energy.

Benzene conversion TOF*10-3
Activation

Catalyst [%] [molecule Bz *s-l*sité] Energy

348K 373K 348K 373K [kJ*mor1
]

INiP(C)-H 2.8 15.2 11 59 44.6

90NiAgP(C)-H 0 1.2 0 7 41.8

75NiAgP(C)-H 25.8 100 61 233 39.6

SONiAgP(C)-H 5.2 21.5 28 115 39.6

1NiI(C)-H 16.2 61.7 39 149 38.2

90NiAgI(C)-H 8.4 31.4 36 136 44.4

7SNiAgI(C)-H 7.5 30.7 39 163 43.3

SONiAgI(C)-H 3.8 17.9 28 132 40.6

90NiAgP(D)-H 0 1.6 0 4 48.3

7SNiAgP(D)-H 0.2 6.5 0.5 22 45.6

SONiAgP(D)-H 21.1 85.3 84 341 43.8

90NiAgI(D)-H 2.7 12.5 11 52 47.7

75NiAgI(D)-H 0 3.1 0 19 44.3

50NiAgI(D)-H 0 0 0 0 41.3
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The apparent energy of activation was determined at 248 K-423 K (Fig. VI-19)

at conversions < 15%. The results obtained are reported in Table VI- 4. The values

obtained are in the lower range of published results for SiOz supported catalysts (> 50

kJ morI) [50]. They change with the method of preparation, silver content and nature of

the support. For example, they are in the ranges 38.2 kJ morI- 44.6 kJ mori and 41.3 kJ

mor1
- 48.27 kJ mori for SiOz(C) and SiOz(D) catalysts respectively.

75NiAg{C)-

~ SONiAg(C)-H 1

l--.-----.I--r--,.-I--.-----.I--r--,.-._9_0..,.N_i_A...,~_{C_)-.-H_"-1_
0,0024 0,0025 0,0026 0,0027 0,0028 0,0029

11T,1/K

0,0023

Figure VI-19. Arrhenius plots for precipitated bimetallic Si02(C) catalysts.

2.3.4. Discussion

Benzene hydrogenation is frequently used as a model reaction for hydrogenation

of aromatic hydrocarbons. Catalytic studies on supported bimetallic Ni-Ag systems

have not received attention. However, in considering such systems, one may pose the

question: will the individual components exist as separate entities on the surface, or will

there be mixing of atoms of the individual metals in form of the heteroatomic groupings

on the carrier surface [51]. If the first situation applies, there would be no direct
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interaction between atoms of the different metals, and one would expect to find a simple

type of additive catalytic behavior of the individual metallic entities. However, if the

second situation applies, one might expect to fmd a different behavior, especially if the

individual metals have very different catalytic activities for the reaction of interest [51].

Both situations seem to exist with the prepared catalysts.

In benzene hydrogenation, most kinetic studies show that the rate determining

step would be the reaction between adsorbed benzene molecule and an adsorbed H atom

[52]. This means that the apparent energy of activation comprised the energy of

activation of the rate determining plus that of adsorption pre-equilibriums of the

benzene and hydrogen molecules. These steps are controlled by the metallic and acidic

character of the catalyst, respectively. Benzene adsorption is determined by the support

acidity. Interestingly, from Table VI-5 it can be seen that, the apparent energy of

activation of bimetallic catalysts is higher (41.3 kJ mor l -48.3 kJ mol l
) for the more

acidic Si02(D) support as than for the less acidic Si02(C) support (39.6 kJ morl
- 44.4

kJ mor l
). This could be ascribed to a relative adsorption energy stronger for the

benzene on the Si02(D) support which retards the overall chemical processes. In

contrast, the TPD study (Table VI-3) evidenced the existence ofweak H2-adsorption on

metal sites for Ni-Ag precipitated C catalysts but not for the impregnated homologues.

On low energy sites, adsorbed hydrogen species are more reactive and this could

explain a lower overall apparent energy of activation (39.6 kJ mor l
- 41.7 kJ mor l

)

observed for precipitated C catalysts as compared with the impregnated homologues

(40.6 kJ mor l
- 44.4 kJ mor l

). Obviously, energy of activation alone cannot fully

explain all the catalytic activity results because of the existence of the entropic factor.

Moreover, the reaction paths have to be known in more details. This needs a further

kinetic work.

In case of the present bimetallic Ni-Ag systems, only nickel is active in the

hydrogenation reaction. In addition, segregated metallic Ni and Ag phases with a NilAg

ratio of 1 were identified for 50NiAgI(C)-H catalyst. One can expect that if the nickel

and silver partic1es exist on the surface as separate entities the incorporation of silver as

a second metal could decrease the activity of the systems.

This seems to be practically verified for impregnated catalysts where metal

dispersion and TOF's both decrease with increasing silver content. For impregnated

catalysts, it is also worth noting the correlation between the metal dispersion, the degree

of reduction and the catalytic activity. This correlation has also been reported in the
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literature data for c1assical monometallic supported nickel catalysts [50]; it is believed

that the presence of unreduced metal at the support surface diminishes the rnetal partic1e

size required for the adsorption ofbenzene in a planar mode; also the TOF's increased

with increasing metal dispersion and decreasing degree ofreduction.

In contrast, for precipitated catalysts, increased silver content led to increased metal

dispersion and activity [with maximums for Si02(C) support]. This could be accounted

for Ni-Ag groupings, generated in hydrazine solution during precipitation of metal

partic1es on the support, and active in benzene hydrogenation. Structural properties of

these groupings may be responsible for the high activity of 75NiAgP(C)-H and

50NiAgP(D)-H catalysts. As reported above, preliminary magnetic experiments

suggests the existence of Ag-core Ni-shell structure for 75NiAgP(C)-H catalyst.

For a more refined analysis of the activity results, one has to get in rnind that the

overall reactivity of a catalyst is determined not only by structural properties of metal

partic1es but also by surface chemical processes. In benzene hydrogenation over metal

supported catalysts, it is believed that the reaction occurs both on the metal and on the

support [24, 53-55]. The contribution of the support may be important because it can

furnish adsorption sites for the aromatic molecule, and in the vicinity of the metal

partic1es, the adsorbed molecule can react with the spilt-over hydrogen from the metal,

thus contributing to the overall activity. In this way, the acidity of the support (strength

and concentration of acidic sites) plays an important role [53-56]. Remarkably, the

highest TOF is obtained with 50NiAgP(D)-H (0.341 S-l) with the more acidic Si02(D)

support. Moreover, it is worth noting that this catalyst also exhibits the highest amount

of hydrogen desorbed at high temperature (31.7 !-tmol gcat-1
), i.e. hydrogen species

incorporated at high temperature and identified as spilt-over species. Generally

speaking, the absence of correlation between TOF's and dispersion observed could be

due to the existence of the spillover effect which brings an additional activity on the

support. In other words, eventual TOF's ca1culation does not take into account active

sites from the support.

188



CHAPTER VI

3. CONCLUSIONS

The present study shows that the surface properties and reducibility of the

supported catalysts prepared strongly depend on the mode of reduction by the

hydrazine, the Ni/Ag ratio and the nature of the support. For example, incorporation of

silver decreases nickel reducibility, notably at 0.1 %Ag. In the mean time, metal

dispersion decreases for impregnated catalysts whereas, for precipitated catalysts it

increased for Si02(D) support or passed by a maximum for Si02(C) support. These

results could be explained by the mechanism of metal reduction in the hydrazine media.

For the supported IC or ID systems, nucleation and growth probably mainly took place

on the support whereas for the precipitated C or D catalysts, the metal reduction mostly

occurred in the liquid phase or in the vicinity of the support. In the presence of silver,

AgO clusters first formed and served as active centers for nickel subsequent reduction.

As a result, various Ni-Ag species formed where Ni and Ag phases were separated

clusters or interacted as heteroatomic groupings on the carrier surface.

In case of the bimetallic Ni-Ag systems, only nickel is active m benzene

hydrogenation reaction. For impregnated catalysts, the incorporation of silver as a

second metal decreases the catalytic activity in parallel with the metal dispersion due to

the existence of separate Ni and Ag phases. In case of precipitated catalysts, the metal

dispersion increases and so did the catalytic activity as probably a result of the presence

of heteroatomic Ni-Ag species more active than monometallic nickel particles. Close

inspection of the results show that sharp catalytic activity could be obtained which

cannot be accounted for by the metal dispersion level only but to structural properties of

these groupings. Surface chemical processes could also explain the catalytic results

obtained. Adsorption properties of the reactant molecules or contribution of hydrogen

spillover effect particularly could affect the reaction rate.

Finally, from the practical point of view, TOF's values observed in this study

could be higher than the standard values reported for nickel catalysts and close to that

obtained for platinum catalysts.
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CHAPTER VII
NICKEL CATALYSTS

SUPPORTED
ON ACTIVATED CARBON



INTRODUCTION

Les fonctions chimiques existant sur la surface de support interagissent, plus ou

moins, avec les particules de métal qui y sont déposées. L'interaction de type métal­

support est habituellement plus forte quand les particules de métal sont petites. Pour les

supports utilisés dans la catalyse industrielle, l'intensité de cette interaction diminue de

l'alumine à la silice au charbon actif. La superficie élevée et la stabilité thermique

relativement élevée font du charbon un très bon support pour les catalyseurs

métalliques. Matériau bon marché et relativement inerte, le charbon actif montre aussi

une grande stabilité dans les milieux acides ou basiques.

Dans des systèmes métal-carbone, les interactions fortes peuvent être favorisées

et jouer un rôle important, déterminant les propriétés du catalyseur, notamment la

réactivité et la texture. Ces interactions ont attiré beaucoup d'attention. Ainsi, il a été

montré que la nature des pré-traitements thermiques (neutre/reducteur/oxidant) peut

changer la superficie ou la porosité aussi bien que l'activité ou la sélectivité du

catalyseur. La dissolution des atomes de carbone dans le métal peut causer la

diminution de l'activité catalytique par le blocage des sites actifs. Le carbone peut aussi

réduire le précurseur métallique pendant la préparation de catalyseur.

Dans la présente étude, nous rapportons des résultats sur la préparation, la

caractérisation, les propriétés de surface et d'hydrogénation des catalyseurs non

classiques supportés sur le charbon actif commercial. Le but de ce travail est d'examiner

l'effet de la méthode de préparation, de la teneur en nickel et de la nature du précurseur

sur leurs propriétés de surface et catalytiques. Ces propriétés sont comparées à celles de

catalyseurs classiques.
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1. INTRODUCTION

The chemical species present on the carrier surface interact, more or less, with

the metal partic1es deposited thereon. The metal-support interaction (MSI) is usually

stronger when the metal partic1es are smaller [1]. For the carriers employed in industrial

catalysis the intensity ofMSI decreases from alumina to silica to active carbon [1].

The chemical nature of amorphous carbon, combined with a high surface area

and porosity, makes it an ideal medium for the adsorption and absorption of organic

chemicals. Activated charcoal is a very mature technology that is designed to remove

taste, smell and odor from gases and liquids through adsorption of the compounds that

cause problems. Activated carbon is used primarily for purifying gases by adsorption,

solvent recovery, or deodorization and as an antidote to certain poisons. The high

surface area and relatively high thermal stability makes activated carbon very good

support for metal catalysts.

The use of activated carbon (AC) as a catalyst support is increasing due to the

advantages it offers as compared to traditional oxides [2]. Cheap and re1ative1y inert

material, activated carbon exhibits stability in acidic or basic media, a high surface area

and oxygen-containing functional groups. In metal-carbon systems, intense interactions

can be promoted and play an important role conditioning both texturaI properties and

reactivity of the catalyst [3]. Metal-carbon interactions attracted much attention [2-6]. In

this way, the thermal pre-treatment nature (neutral/reductive/oxidative) may change the

surface area or porosity as well the activity or selectivity of the catalyst [3-4].

Dissolution of carbon atom in the metal may cause the decrease of the catalytic activity

through site blockage [3-4]. Carbon is able to reduce the metal precursor introduced

during the catalyst preparation [3, 6].

In the present study we report results on the preparation, the characterization and

the surface and hydrogenating properties of non c1assical catalysts supported on

activated carbon. The aim of this work is to examine the effect of the method of

preparation, the nickel content and the nature of metal precursor on the surface and

catalytic properties ofNi catalysts supported on a commercial activated carbon.

Two modes of hydrazine reduction were used (see Experimental section): i) the

reduction of supported nickel acetate (H-method); ii) the reduction-precipitation of

dissolved nickel acetate in the presence of a suspension of activated carbon (PH­

method). The catalysts were denoted as xNi/AC-A(N)H(PH) where x, AC and A(N)
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refer to nickel content (in % wt.), activated carbon support, acetate (or nitrate) precursor

and impregnation-reduction (reduction-precipitation) in aqueous hydrazine media

respective1y. The c1assical (non hydrazine-treated) catalysts were also prepared for

comparison and were denoted as xNi/AC-A(N) with symbols same as above. The

obtained catalysts are listed in Table VII-l.

Table VII-l. Catalystpreparation.

Material
Ni wt.% Method of

precu.rsor of Ni preparation

1 Ni/AC-N Ni(N03)2 1.0 Classical

5 Ni/AC-N Ni(N03)2 5.0 Classical

10 Ni/AC-N Ni(N03h 10.0 Classical

1 Ni/AC-A Ni(CH3COO)2 1.0 Classical

5 Ni/AC-A Ni(CH3COO)2 5.0 Classical

10 Ni/AC-A Ni(CH3COO)2 10.0 Classical

1 Ni/AC-AH Ni(CH3COOh 1.0 Non classical

5 Ni/AC-AH Ni(CH3COO)2 5.0 Non classical

10 Ni/AC-AH Ni(CH3COO)2 10.0 Non classical

1 Ni/AC-APH Ni(CH3COO)2 1.0 Non classical

5 Ni/AC-APH Ni(CH3COO)2 5.0 Non classical

10 Ni/AC-APH Ni(CH3COO)2 10.0 Non classical

AC Classical

ACH
Non classical
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2. RESULTS AND DISCUSSION

2.1. Reduction processes in the hydrazine media

2.1.1. Study ofthe support

The activated carbon used has a specific surface area of 1073 m2 g-l (Table VII­

2) and a total pore volume of 0.596 cm3 g-l comprising 66.4% of micropores. When the

activated carbon was treated in hydrazine media at 353 K, the surface is not changed

(1116 m2 g-l). However, during this treatment gaseous nitrogen (Fig. VII-l) and

ammonia evolved. It is known that activated carbon decomposes hydrazine to N2 and

NH3 [7-8]. It can be supposed that this reaction changes the surface of the carbon. The

change ofthe activity in isopropanol decomposition (Fig. VII-3) confirmed the decrease

of quantity of acid sites on the carbon surface.

2.2.2. Nickel ion reduction

For nickel acetate precursor, hydrazine provoked gaseous nitrogen and hydrogen

evolution (Fig. VII-2) and the solid obtained can be removed with a magnet from the

reduction flask. Simultaneous production of N2 and H2 is attributed to hydrazine

decomposition by the NiC particles formed according to equation (1):

(1)

Nitrogen peak arising within 20 min is ascribed to hydrazine decomposition by the

carbon support. This makes impossible to determinate the degree of nickel reduction

from the quantities of nitrogen produced during the reaction.

In contrast, nickel nitrate precursor did not react with hydrazine in the used

conditions and, strikingly, the hydrazine is not decomposed by the activated carbon

support for this precursor. Absence of nickel reduction is ascribed to reaction between

the nitrate precursor and the support forming stable surface compounds, not reducible

by the hydrazine. In addition, this reaction neutralized the acidic sites of the support

which then were not available for isopropanol decomposition.
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Figure VII-3. Isopropanol decomposition.

2.3. Characterization of the catalysts

2.3.1. Texturai and structuralproperties

The wet impregnation method causes the changes in the texture of the final

materials depending on the method ofpreparation and nickel content (Table VII-2).

The chemical reduction with hydrazine causes a significantly increasing of

specific surface area, total pore volume and microporosity which grows to 1694 m2 g-l,

0.743 cm3 g-l and 80.8% respectively for 1%Ni loading. The benefit is lesser with the

Ni/AC-APH non classical catalysts: the specific area of 10Ni/AC-APH is only 971 m2

g-l against 1056 for 10Ni/AC-AH m2 g-l. For classical preparation, low nickelloading

(1wt.%) almost does not change the specific surface area or pore volume. In contrast,

greater Ni loadings (5 or 10 wt.%) causes a significantly reduction of the specific

surface area which decreases to 487 m2 g-l.
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Table VII-2. BET stndy.

202

BET surface
% Ilpores

Total pore
Catalyst area volume

[2 -1] [%] [ 3 -1]m gcat cm gcat

1 NilAC-N 1071 65.6 0.595

5 NilAC-N 856 66.8 0.455

10 NilAC-N 524 63.9 0.291

1 NilAC-A 1107 66.0 0.595

5 NilAC-A 705 62.3 0.402

10 NilAC-A 487 65.5 0.264

1 Ni/AC-AH 1694 80.8 0.743

5 Ni/AC-AH 1325 72.5 0.678

10 NilAC-AH 1056 65.5 0.572

1 NilAC-APH 890 65.2 0.632

5 NilAC-APH 911 65.3 0.561

10 Ni/AC-APH 971 65.7 0.525

AC 1073 66.4 0.596

ACH 1116 66.5 0.596
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Several studies have shown that the specifie area of carbons is strongly

decreased after impregnation with nickel in c1assical supported catalysts [3, 9]. The

greater the nickel content the greater the decrease of surface area [9]. For charcoal as a

support, the decrease in the specifie surface area is attributed to pore blockage by nickel

compounds in the supported precursor obtained [3]. This is probably the case of the

NilAC-N or Ni/AC-A c1assical catalysts (Table VII-2). Contrary to that, there is a

striking increase or almost stability of the specifie area for hydrazine catalysts (Table

VII-2). The decrease of the specifie area observed with the PH-method of preparation is

small (10%) as compared to c1assical materials. Thus, in hydrazine aqueous media, the

surface area of the nickel precursors is enhanced or practically restored. Such an effect

has not been reported in the literature. Gasification of carbon may have occurred during

catalyst preparation in the hydrazine media and induced an increase of specifie surface

area. Further work is needed for a better understanding of the effect observed.

2.3.2. XRD study

XRD study was undertaken for the estimation of phases present in the modified

materials. XRD patterns for the N-c1assical and 5 wt% Ni A and AH catalysts did not

show peaks which could origin from nickel in metallic forrn (Fig. VII-4). This suggests

the existence of small metal c1usters.

1Ni/AC-A

5NilAC-A

10Ni/AC-A

30 40 50

28,0

60 70

Figure VII-4. XRD patterns ofthe NilAC-A catalysts.

203



CHAPTER VII

1Ni/AC-N

5Ni/AC-N

10Ni/AC-N

30 40 50
28,0

60 70

Figure VII-5. XRD patterns ofthe Ni/AC-N catalysts.

1Ni/AC-AH

10NilAC-AH

30 40 50
28,0

60 70

Figure VII-6. XRD patterns ofthe Ni/AC-AH catalysts.
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However, one should remember that XRD technique is not sensitive if the amount of

phase is too low. Moreover, if the particle size of nickel is very small, XRD patterns

cannot detect them. The XRD pattern of the 10%Ni classical or non classical catalysts

showed two large reflection signaIs (as illustrated in Fig. VH-4 and VII-6) at 44.59

(111) and 51.90° (200) 2e characteristic of metallic nickel with a fcc structure [10].

However, the hydrazine prepared catalyst signaIs are less intense, suggesting the

existence of smaller particles (Fig. VII-6).

2.3.3. TEM study

The TEM experiments also did not allow the observation of nickel nanoparticles

with the lowest nickel contents. Metal nanoparticles were evidenced for 10% Ni content

on1y. In case of classical preparation, the nickel was found homogeneously dispersed on

the support surface (Fig VII-7A). The shape of the nickel particles is predominantly

spherical. The particles possess a mean size of 10-40 nID. In case of the 10%Ni catalyst

prepared by the hydrazine chemical reduction, the TEM image differs from that of the

classical catalyst (Fig. VII-7B). very small «5 nm).

(A) JONilAC-A (B) JONilAC-AH

Figure VII-7. TEM images ofthe catalysts.
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The nickel nanopartic1es are practically not visible on this image (Fig. VII-7B),

although the surface analysis confirmed the presence of nickel on the surface. Isolated

aggregates are also detected which gave TIse to the XRD signal (Fig. VII-6). It could be

supposed that after the reduction with hydrazine the nickel partic1es formed are very

small «5 nm).

2.3.4. H r TPR profiles

Support gasijication

The experiments with both the fresh and hydrazine treated carbon support in

programmed temperature under a H2 flow, does not give TIse to hydrogen consurnption

but to gasification, as expected, according to the literature data [11-12]. Indeed, the

temperature profiles (Fig VII-S and VII-9) indicated the signaIs of hydrogen and

methane emission from 950 K and 600 K respectively. In the same conditions,

gasification of the support as methane also occurs for the acetate catalysts but it starts at

lower temperature (50 K) and with a larger yield. The presence of nickel gives rise to

the formation of methane. In contrast, for the nickel nitrate precursor, the carbon

support is gasified to carbon dioxide (large peak starting from 700 K) (Fig. VII-11).

Carbon dioxide would be due to the reaction between the support carbon atoms and the

water molecules produced by the reduction of the nickel nitrate precursor [13].

1,ax102
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'Il
Cl

1,2x102

"'r::
'E 1,Ox10

2

"'0
E a,Ox10'

N:r:
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2,Ox10'

300 400 500 600 700 aoo 900 1000 1100
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Figure VII-8. Hz emission during TPR siudy ofAC.
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Hydrogen consumption

In parallel to gasification, the catalysts consumed hydrogen. The H2- TPR

profiles obtained for this consumption are reported in Fig VII-I2-I5. Comparison with

Fig VII-IO and VII-lI show that this consumption is not correlated to methane or

carbon dioxide production. It is ascribed to the nickel reduction and incorporation of

hydrogen into catalyst.

858

400 500 600 700 800 900 1000

Temperature, K

Figure VII-Il. COl emission during TPR study ofINilAC-N catalyst.

The profiles of the catalysts obtained from nickel nitrate (Fig. VII-12) show two

peaks of hydrogen consumption at ~450 K and ~700 K. The peak at 450 K is absent for

1% of nickel content. The low temperature reduction peak is due to the reduction of

Niü nickel oxide form, loosely attached to the support. The high temperature reduction

peak originates from the reduction of nickel species much more bonded to the active

carbon support or/and the from the hydrogen spillover (see below). At a low nickel

loading, a great proportion of nickel atoms are in close contact with the support, also the

high temperature peak prevails. In contrast, at greater loadings, part of the precursor not

directly or less attached to the support will probably more easily form Niü species

which are reduced at lower temperatures. This explains the increasing intensity of the

peak at 450 K at the expense of that of the peak at ~700 K with increasing nickel

content. In parallel, the temperature of the peaks decreases with increasing nickel
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loading for the same reason. These reducibility properties are observed for c1assical

supported nickel catalysts [14-19].

The profiles of the c1assical catalysts obtained from the nickel acetate (Fig. VII­

13.) differ from that of nickel nitrate catalysts. The peaks are shifted to higher

temperatures and the amounts of hydrogen consumed are different. This is due to the

different nature of the nickel species involved. Indeed, for the nitrate precursor, Niü

species are intermediately formed by the heating during the reduction process [3]

whereas, for the acetate precursor, Ni2
+ ion c1usters are anchored at the support surface.

The reducibility of these species is consequently different.

The H2-TPR profiles of hydrazine prepared catalysts are more complex. This is

exemplified in Fig. VII-14 for the AH catalysts and in Fig. VII-15 for APH catalyst.

The peaks correspond to the presence of unreduced nickel species. These species may

arise from an incomplete reduction of the supported Ni2+ ions by hydrazine [20] or from

reoxidation of NiC species due to air contamination. As a result, it was observed the

presence of three forms of nickel species. The very low temperature peak in the range

380-480K may be due to isolated surface Ni2
+ ions. It would be due to Ni species

reoxidized by moisture. This peak does not appear for c1assical catalysts. The two

following peaks at higher temperatures (in the ranges 520-630 K and 650-800K

respectively) are ascribed to reduction of nickel species more and more strongly bonded

to the support. The temperature of these peaks decreases with increasing nickel content

as a result of decreasing metal-support interactions. The profiles are quite similar for the

H and PH-acetate catalysts.

The amounts of hydrogen consumed (Ta1;>le VII-3) were determined from the

surface area of the temperature peaks. These amounts could be due to metal reduction.

However, remarkably, these amounts are greater (5-7 times ) than the stoichiometric

amount of nickel in case of 1%Ni loaded catalyst. This means that part of the hydrogen

molecules are incorporated in the carbon support through the spillover mechanism (see

below) [21-22]. Spilt-over species are probably also produced in case of 5% or 10%

nickel catalysts although the H/Ni ratio is lower than 1 (0.7-0.8). Indeed,

thermodynamic calculations and experiments showed that a H/Ni ratio of 0.2 at 298 K

needs a pressure ofhydrogen of 0.6 GPa.

209



CHAPTER VII

1Ni/AC-N

500 600 700 800 900

Temperature, K

Figure VII-12. TPRprofiles ofNi/AC-A catalysts.

900800500 600 700
Temperature, K

400

1Ni/AC-A

:i 5NilAC-A
llÏ
c­
o:a
§ 1-1-0N-i-/A-C---A--~
tII
c
o
u..

:::c:

Figure VII-13. TPRprofiles ofNi/AC-N catalysts.

210



1f\li/AC-AH

CHAPTER VII

432

589

633

10Ni/AC-AH

400 500 600 700 800 900
Temperature, K

Figure VII-14. TPRprofiles ofNilAC-AH catalysts.

::.i
ai
1:""""--­
oa
E
:::1
li)
1:
o
(.)

'"J:

400 500 700
Temperature, K

800 900

Figure VII-IS. TPRprofiles ofNilAC-APH catalysts.

211



CHAPTER VII

2.3.5. H2-adsorption study

The accessible metal surface atoms of the catalysts was determined by H2­

adsorption at room temperature after a hydrogen treatment at 623 K for 3 h. Blank

experiments showed that the carbon support, treated or not with aqueous hydrazine, did

not adsorb hydrogen. Assuming the stoechiometrie adsorption of hydrogen, i. e. one

molecule ofhydrogen occupies two nickel atoms on surface, the total metal surface area

(per gram of catalyst) was calculated. The results obtained are reported in Table VII-3.

Table VII-3. Characteristics ofthe catalysts.

H2 ads H2 des* H2 consumed Metal
Catalyst at RT*10-5 *10-5 *10-5 surface area

[mol*gcat-1
] [mol*gca/] [mol*gcat-1

] [m2*gcat-1
]

1 NilAC-N 0.17 32.6 69.4 0.13

S NilAC-N 1.09 27.8 113.0 0.85

10 NilAC-N 1.98 28.4 87.2 1.55

1 NilAC-A 0.09 26.8 65.4 0.07

S NilAC-A 0.17 17.8 69.2 0.13

10 Nî/AC-A 0.34 21.4 122.3 0.27

1 NilAC-AH 0.18 37.6 73.1 0.14

SNilAC-AH 0.21 49.2 65.4 0.16

10 NilAC-AH 0.31 40.2 39.2 0.24

1 NilAC-APH 0.02 48.4 47.6 0.02

S NilAC-APH 0.15 46.6 46.2 0.12

10 NilAC-APH 0.26 49.4 61.1 0.20

AC 0 8.71

ACH 0 3.32

* from H2-TPD study
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The total metal surface area increases with increasing nickel content and is the

highest with the N classical catalysts. In case of the non classical catalysts the H

catalysts gave better metal surface area than the PH-catalysts. INi/AC-APH catalyst

almost does not adsorb hydrogen. For the H-method the metal dispersion is determined

in the impregnation and drying steps and this gives rise to smaller particles than the PH­

method for which reduction rather takes place in the solution and not on the carbon

surface. For classical catalysts, nitrate precursor exhibits greater metal areas than acetate

precursor. This is due to a better reducibility of the former as showed the H2-TPR study.

Calculations of metal particle size failed. For example, in case of classical

catalysts, metal surface area found by hydrogen chemisorption was not compatible with

that obtained from TEM experiments: for lONi/AC-A, a metal surface area of 0.27

m2gcat-
1 was found from the H-adsorption study whereas 3.50 m2gcat-

1 was determined

from TEM experiments. One cause of these discrepancies would be nickel embedding

by the carbon support during the hydrogen pre-treatment at 623 K. In effect, it was

shown that the H2 adsorption on nickel catalysts deposited on charcoal was decreased

after a pretreatment under hydrogen at 773 K [3]. The authors attributed this to a

poisoning effect of the charcoal support. This action would be accomplished by the

carbon itself or/and additionally by mineraI impurities present in the support [3]. In the

other hand, the occurrence of the hydrogen spillover (see below) would result in the

incorporation of hydrogen species in the carbon frame; also the amounts of hydrogen

adsorbed are partly fixed on the carbon support and not on the metal phase only. As a

result the metal surface area is undetermined by the H2-adsorption method.

2.3.6. H 2-TPD study

The activated carbon alone or the catalyst was gradually heated under argon

after a hydrogen treatment at 623 K for 3 h then hydrogen chemisorption at room

temperature (as described in the Experimental Section). Only hydrogen evolved at the

outlet of the reactor. Hydrogen exhibits a main peak of desorption starting from 1000 K

for aIl the materials and a minor one at lower temperatures (around 760 K-SOO K) in the

presence of the metal phase only (Fig VII-16 - VII-19).
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The Temperature of the minor peak as weIl as the amounts of hydrogen desorbed

varied with the method of preparation, nature of the precursor or nickel content. This

peak appears at almost the same Temperature (~760 K) for the N (Fig. VII-16)- or A

(Fig. VII-17)-c1assical catalysts and at a roughly higher Temperature for the H-catalysts

(e. g. S03 and 760 K for lNi/AC-AH and 1Ni/AC-A respectively) (Fig. VII-1S). The

PH-method gave similar profiles (Fig. VII-19) as the H-method, but at higher

Temperatures. Remarkably, the non c1assical catalysts desorbed greater amounts of

hydrogen than the c1assical ones (37.6 to 49.4 mol*gcat-1 against 17.2 to 32.6mol*gcat-1
).

Moreover, the amounts desorbed decrease with increasing nickel content. AlI these

results may be attributed to the formation of different hydrogen adsorption species, the

structure of which depends on the kind of the nickel precursor, the nickel content or the

method of preparation.

The high Temperature peak is due to the heat decomposition of carbon

functionalities without the help of the supported metal. In case of Pt/active carbon

catalysts reported in ref. [23], a peak starting at about 1125 K, with a maximum

desorption rate at 1325 K, was observed and also ascribed to the heat decomposition of

carbon functionalities.

The minor peak at 760 K-800 K is ascribed to hydrogen molecules from the

previous reduction treatment at 623 K retained at the metal-support interface [17, 24] or

incorporated in the support. Indeed, the amounts desorbed are larger than that adsorbed

at room Temperature (Table VII-3). Moreover, a close examination of the amounts of

hydrogen desorbed shows that the H/Ni ratio may exceed 1 (e. g. 3.S-4.7 for lNi%

content).

This excess hydrogen suggests that a part the reactant molecules, if not aIl, is

strongly retained on the active carbon support. In other words, hydrogen molecules

from the reductive atmosphere probably dissociated on the metal phase then spilled over

the carbon support. This is in good correlation with the H2-TPR study which showed

that hydrogen was incorporated in the carbon support during the reduction step for

1%Ni catalysts. In case of Pt/active carbon catalysts, a peak desorbing at 750 K after a

heat treatment under hydrogen atmosphere was ascribed to hydrogen species strongly

adsorbed on the carbon support [23]. Hydrogen spillover on activated carbons has been

evidenced by several authors [21-22].

214



CHAPTER VII

400 500 600 700 800 900 1000 1100
Temperature, K

(8)756
-o-10Ni/AC-N
--<1.- SNi/AC-N
-1Ni/AC-N
-AC

2,Ox10"

1,4x10"

1,6x1 0"

" B1,2x10"
.Cl

-~ê 1,Ox10"

'0
E ..
ê 8,Ox10
o
:;:l

~ 6,Ox10"

~
::r:N 4,Ox10"

(A)
-AC
-1Ni/AC-N
-5Ni/AC-N
-10Ni/AC-N

400 600 800 1000
Temperature, K

Figure VII-16. (A) H2-TPD profiles ofNilAC-N catalysts,
(B) deconvolution ofthe desorption peak.

(A)
-1Ni/AC-A
-SNi/AC-A
......... 10Ni/AC-A

760

400 500 600 700 800 900 1000 1100

Temperature, K

1,2x10·5 762 (8)
-o-1Ni/AC-A ~
-5Ni/AC-A

1,Ox10" -10Ni/AC-A

" B
.Cl

"c 8,ox10" ~
~ ~"0
E ..
ê 6,Ox10
0e.
0
:Il 4,Ox10"

"::r:N

2,Ox10"

0,0
j ~

200 400 600 800 1000 1200

Temperature, K

Figure VII-17. (A) H2-TPD profiles ofNilAC-A catalysts,
(B) deconvolution ofthe desorption peak.

215



CHAPTER VII

(A)

10Ni/AC-AH

1Ni/AC-AH

300 400 500 600 700 SOO 900 1000 1100

Temperature, K

1,2x10·5

1,Ox1 0"

~J
"c S,Ox10"
Ji
"0
E .,
ê 6,Ox10
o
~
o
Xl 4,Ox10"
."
J:N

(B)

O,O~~"",,!,,~~~~~~~~~
300 400 500 600 700 SOO 900 1000 1100

Temperature, K

Figure VII-18. (A) H2-TPD profiles ofNVAC-AH catalysts,
(B) deconvolution ofthe desorption peak.

10Ni/AC-APH1,Ox10"

1,2x10"

(A)

300 400 500 600 700 SOO 900 1000 1100

Temperature, K

0,0~~"'~~~~~~~~
300 400 500 600 700 800 900 1000 1100

Temperature, K

Figure VII-19. (A) H2-TPD profiles ofNVAC-APH catalysts,
(B) deconvolution ofthe desorption peak.

216



CHAPTER VII

2.4. Catalytic activity

After a Hz thennal treatment, the classical or non classical catalysts became

active and selective in the gas phase hydrogenation of benzene to cyclohexane. No

activity was observed without this treatment. This is in good agreement with previous

studies in our group on Ni/SiOz catalysts [20, 25-27, see also Experimental Section ].

For non classical catalysts, the effect of the heat pre-treatment was to remove the acetate

fragment embedding the nickel phase during the hydrazine reduction: it liberated the

access to active sites for the reactant molecules [20,25-27]. The activated carbon alone,

previously treated or not in aqueous hydrazine media, was inactive. The results are

reported in Fig. VII-20 - VII-23 and Table VII-4.

The catalysts exhibited a maximum of activity as a function of the reaction

temperature. In addition, each maximum could be traversed from either the high or low

temperature side without any loss of activity. Maximum of activity with temperature in

benzene hydrogenation has been frequently reported [20, 22, 28-29]. This is accounted

for a positive influence of the reaction kinetics at lower temperatures whereas, at higher

temperatures, the thennodynamic effect of the reaction was prevailing and then

conversion decreased [30]. Based on benzene chemisorption studies, the maximum of

activity is also attributed to a decrease of the surface coverage by benzene molecules at

the higher Temperatures [31-32].

Temperature of this maximum depends on the nickelloading, the nature of the

metal precursor and the method of preparation. The non classical H-catalysts (Fig. VII­

22) exhibit a high activity with a maximum at a lower temperature (420 K, whatever the

nickel content is) than the classical ones (460 K) (Fig. VII-21). However, maximum

activity shifts to a higher temperature (460 K) also for the PH-non classical catalysts

(Fig. VII-23). In case of classical catalysts, maximum temperature is lower (420 K) for

the nitrate precursor (Fig. VII-20) than for the acetate precursor (460 K) when the nickel

content is 10%. It shifts to higher temperatures (460 K) at lower loadings.

217



CHAPTER VII

110

100

90

o 80
<;::.
ë 70
0

"i!! 60
fi)

~ 50
0

~4O
al

30

20

10

0
340 360

10Ni/AC-N

1Ni/AC-N

380 400 420 440 460 480 500
Temperature, K

Figure VII-20. Conversion ofbenzenefor NiIAC-N catalysts.

110

100

90

o 80
~

ë 70
0

"i!! 60
fi)

~50
0

~4O
al

30

20

10

0
340 360 380 400 420 440 460 480 500

Temperature, K

Figure VII-2I. Conversion ofbenzenefor the NilAC-A catalysts.

218



110

100

90

80
~ 70"r:
0 60
ï!!
~ 50
r::
0 40u
N

30a:I

20

10

0

CHAPTER VII

340 360 380 400 420 440 460 480 500

Temperature, K

Figure VII-22. Conversion ofbenzenefor the Ni/AC-AH catalysts.

110

100

90

80
~
".70
r::
.2 60
l!!
~ 50r::
0
u 40
N

a:I 30

20

10

0
340 360 380

10Ni/AC-APH
Al.

400 420 440 460 480 500

Temperature, K

Figure VII-23. Conversion ofbenzenefor the NiIAC-APH
catalysts.

219



CHAPTER VII

The conversion increases with increasing catalyst nickel content (Fig. VII-20 ­

VII-23). The hydrazine-prepared catalysts exhibit better conversion than c1assical

catalysts. This is notably the case for 1%Ni content: the conversion is 30% from 373 K

with INiJAC-AH (Fig. VII-22) and only 1.2% with INi/AC-A (Fig. VII-21). Medium

conversions are obtained with the APH-catalysts: 10% for INi/AC-APH at the same

temperature (Fig. VI-23). As to conventional catalysts, they were more active (~100%

benzene conversion from 440 K) for the nickel nitrate precursor (Fig. VI-20) than that

for nickel acetate precursor (maximum benzene conversion of 30% at 440 K).

Table VII-4. Specifie rate and TOF's at 373 K

Benzene
Specifie rate TOF

Catalyst conversion *10-3 [mol*min*gNi-1] [molecBz*site-1*s-1]
[%]

1 Ni/AC-N 3.3 0.610 0.0301

5 Ni/AC-N 9.4 0.332 0.0127

10 Ni/AC-N 37.7 0.659 0.0277

1 Ni/AC-A 1.2 0.229 0.0217

5 Ni/AC-A 4.8 0.173 0.0424

10 Ni/AC-A 3.6 0.064 0.0157

1 Ni/AC-AH 30.9 5.485 0.2539

5 Ni/AC-AH 32.7 1.115 0.2212

10 Ni/AC-AH 42.2 0.516 0.2001

1 Ni/AC-APH 10.6 1.885

5 Ni/AC-APH 20.2 0.688 0.1911

10 Ni/AC-APH 11.0 0.188 0.0618

AC 0

ACH 0
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The intrinsic rate (mol per min per gram of nickel) is a good indication of the

influence of the nickel content on the reaction kinetics. The results obtained at 373 K

show (Table VIl-4) a much higher rate for the hydrazine than the c1assical acetate

catalysts (up to 25 times for 1%Ni content). The H-method of preparation is better than

the PH-method. For c1assical catalysts the best activity is obtained with the nitrate than

the acetate precursor, up to 10 times greater. On the other hand, for the acetate catalysts,

the intrinsic rate increases with decreasing nickel content, most probably as a result of

decreasing metal partic1e size (see above). However, this is not the case for nitrate

catalysts which activity passes through a minimum. Other factors acted so as to

determine the catalytic activity.

The use of the turnover frequencies (TOF's) allows one to make a valuable

comparison of the intrinsic activity of the nickel surface atoms. The results obtained at

373 K are reported in Table VIl-4. Remarkably, the highest TOF's are obtained with the

hydrazine-prepared catalysts. It is worth noting that the TOF of benzene hydrogenation

at 373 K on 5%PtlAC is 0.494 S-l, a value quite comparable to that observed for

5Ni/AC-AH which is 0.2212 S-l. Aiso one may conc1ude that the hydrazine preparation

allows obtaining performing nickel catalysts e for benzene hydrogenation.

The discussion on the chemisorption study showed that the surface nickel atoms

reactivity towards hydrogen is strongly affected by the nickel-carbon interactions, the

degree of reduction of nickel or the hydrogen spillover effect. These parameters also

may influence the hydrogenation chemical processes. The acetone hydrogenation

activity of nickel catalysts, impregnated on charcoal, was found to sharply decrease

after activation under a hydrogen flow [3]. For benzene hydrogenation on nickel-silica

catalysts, it was reported that the activ,ity of the surface nickel atoms might be modified

when hydrogen spillover is involved [24, 33]. In such a case, an additional activity is

observed due to benzene hydrogenation on support by H atoms produced from spillover

hydrogen. This was shown for same reaction over Pt/activated carbon catalyst [21]. It

would also be the case here, as discussed below.

2.5. SpiUover hydrogen study

The surface diffusion of active species plays an important role in reactions on

metal catalysts. Especially, migration of hydrogen atoms from a metal, which is active

221



CHAPTER VII

in the dissociative adsorption of hydrogen, to an oxide or carbon surface, which itself

has no activity for dissociative hydrogen adsorption, is very important [34-35]. It has

been claimed that the hydrogen spillover plays a very important role in aromatic

hydrogenation on metal supported catalysts. For example, Teichner et al. [36] found that

alumina itself is active for benzene hydrogenation due to the spillover hydrogen

introduced by the platinum catalyst supported on alumina. Actually, there is a lot of

experimental evidence that hydrogen, which has been activated on metallic sites, is able

to spillover onto another phase which plays a role of hydrogen acceptor. Various

materials can act as this hydrogen acceptor, for example: Si02, Ah03 or activated

carbon. To our best knowledge, hydrogen spillover effect for activated carbon supported

nickel catalysts has not been investigated for benzene hydrogenation. This prompted us

to study this effect over the catalysts we prepared.

A spillover phenomenon is postulated when the dilution of catalyst increases its

activity [37-45]. We have investigated the hydrogen spillover in benzene hydrogenation

using the mechanical mixtures of lONi/AC-N and lûNi/AC-A catalysts with activated

carbon. The results of the dilution ratio (weight of catalystl weight of catalyst+activated

carbon) effect on the activity are given in Fig. VII-24 and Table VII-5.
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Figure VII-24. Spillover study at 448 K.
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The activity of 1ONilAC-N catalyst increases with the dilution ratio, in good

accordance with the hydrogen spillover effect. The maximum of benzene conversion is

observed for the mixture with 0.5 dilution ratio at 448 K (Fig. VII-24). The activity of

the hybrid catalyst is 2 times higher than that of undiluted catalyst could be ascribed to

the hydrogen migration process which is control1ed by a distance factor [35]. Dilution is

believed to increase the number of H species stabilized by the active carbon by

increasing the available surface area and, in the mean time, lowers the recombination of

these species in molecular hydrogen. At a certain point, the additional surface area of

the dilutent brings no further benefit to the hydrogen uptake. At higher dilution ratio,

the number of H spilt-over acceptor sites stabilized by the support increases but the

generation of the H spillover decreases as the number ofNi decreases [34].

The effect of the reaction temperature on the 10Ni/AC-N catalyst dilution was

also investigated. The results obtained (Table VII-5) show that the spillover effect

decreases with increasing reaction temperature. The undilutedldiluted catalyst activity

ratio decreases from 5.0 to 2.0 when the reaction temperature is increased from 348 K to

448 K. This may be due to surface coverage dependence [35] which is the highest at the

maximum activity at 448 K. Aromatic hydrocarbon hydrogenation on metal supported

catalysts is believed to rather occur on the support than on the metal, at least partly [21,

31-32, 35]. This suggests that the involved processes rather occur on the metal phase

when the reaction temperature is increased. This is consistent with published

chemisorption studies showing that aromatic hydrocarbons are only weakly adsorbed on

the support but much more strongly on the metal atoms [31-32].

Table VII-5. Specifie rate for spillover study.

specific rate *10-3 [mol*min*gNi-1
]

catalyst
348K 373 K 398 K 423 K 448K

10NilAC-N 0.135 0.659 1.377 1.722 1.772

ACI10NilAC-N
0.674 2.535 3.280 3.358 3.358

(1:1)

10 NilAC-A 0.018 0.064 0.173 0.339 0.356

AC/I0 NilAC-A
0.093 0.140 0.209 0.232 0.550

(1:1)
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The support dilution effect was also verified with the least active 10Ni/AC-A

catalyst (Table VII-5): the rate of benzene conversion is multiplied by 5.2 at 348 K.

This effect also decreases with increasing reaction temperature. It sharply diminishes to

0.68 at 423 K after a maximum at 398 K.

These results are in good accordance with the H2- TPR and H2-TPD experiments

reported above which c1early showed the existence of H spilt-over species incorporated

in the carbon frame for both c1assical and non c1assical catalysts. We infer that

hydrogen spillover effect also holds for the hydrazine catalysts. The highest reactivity

towards hydrogen was obtained with these catalysts.

Activated
Carbon

©
~
1(+H
~

~
Hso 0

Figure VII-25. Meehanism ofspilloverphenomenon [40J.

(IrSA: Ir from acid site, Irso and H SA: ionie form ofhydrogen spillover)

Recall that the hydrogen spillover consists in three steps: the dissociation of

hydrogen on metal atoms, then the migration of the H atoms formed onto the support

and finally their spreading over the support. Figure VII-25 shows the mechanism of

benzene hydrogenation. The benzene molecule is adsorbed on the carbon surface and

then hydrogenated by the spilt-over hydrogen. One may conc1ude that the intensity of

this effect is certainly a function of the reactivity of metal atoms, the carbon-metal

contact and the support specifie surface area [22]. These factors depend on the method

of preparation, the nature of the metal phase precursor and the metal content. The latter
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parameters, in turn, influence on the catalytic activity which would be determined by

bath the metal and the support. 1Ni/AC-AH exhibited the smallest metal partic1es

(attested by the XRD and TEM studies) which strongly interacted with the support

(attested by the H2-TPR experiments) and the highest specific surface area (Table VII­

2). This could explain the highest performances observed with this catalyst. The

necessary combination of the parameters invoked may also be one of the causes of the

absence of correlation between catalytic activity and metal surface area we reported

above: metal-carbon interactions and extent of specific area have also to be accounted

for to explain catalytic activity.

3. CONCLUSIONS

The results obtained confirm the importance of the method of preparation, the

nature of metal precursor and the metal content on the surface and hydrogenating

properties in case of nickel catalysts supported on activated carbon.

Hydrazine non c1assical catalysts were found much more dispersed and more

active in benzene hydrogenation than c1assically prepared catalysts. Better

performances are obtained by hydrazine reduction of supported Ne+ ions than by

hydrazine precipitation-reduction method. Strikingly the reactivity of the metal surface

atoms of the non conventional catalysts is comparable to that of Pt c1assical catalysts

supparted on activated carbon. This is the case of 5Ni/AC-AH which exhibited a

turnover frequency of 0.2212 S-1 at 393 K, a value quite comparable to that of 5%Pt/AC

(0.4694 S-l). High dispersion and catalytic performances are favored by a low nickel

content and by nickel nitrate rather than by nickel acetate precursor. Diluting the

catalyst by the support led to increased activity in benzene hydrogenation as a result of

the existence the hydrogen spillover effect. This was not reported before in the literature

for nickel catalysts supported on activated carbon. Hydrogen spilt-over species were

also found to be incorporated in the carbon frame during the pre-treatment of the

catalyst at H2/623 K. The discussion of the results obtained confirmed that hydrogen

spillover effect is the driving force in the surface reactivity of nickel catalysts supported

on activated carbon in hydrogenation reactions. Its intensity is the optimum

combination of metal atoms reactivity, metal-support interaction strength and specific

surface area extent.
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Finally, it has to be underlined that hydrazine catalysts exhibit a specifie surface

area 1.5-2.0 times larger than that of c1assical catalysts. Gasification of carbon may

have occurred during catalyst preparation in the hydrazine media and induced an

increase of specifie surface area.

The results obtained are an original contribution to the literature corpus data on

nickel-carbon catalysts and benzene hydrogenation. The method of preparation used is

original (hydrazine reduction of Ni2+ ions in aqueous media at 353 K) and leads to

materials with much better surface and catalytic performances than c1assical

preparation. Moreover, to our best knowledge, the hydrogenation of benzene on nickel

catalysts supported on activated carbon has not been reported. The results obtained also

give evidence for the hydrogen spillover occurrence in this reaction for the first time for

a Ni-activated carbon system.
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CHAPTER VIII
HYDROGENSTORAGE



INTRODUCTION

Un système efficace et bon marché de stockage est crucial pour la future

utilisation de l'hydrogène comme porteur d'énergie dans les systèmes non polluants.

Outre les systèmes à base de carbone, trois méthodes de stockage d'hydrogène ont été

considérées en tant qu'alternatives pour le stockage. Ce sont la compression de

l'hydrogène, la liquéfaction de l'hydrogène et les hydrures métalliques. Cependant, ces

méthodes sont sans attrait pour l'application automobile du à beaucoup de difficultés

technologiques telles que la température cryogénique et la haute pression pour la

compression et la liquéfaction de l'hydrogène. Le système des hydrures métalliques

fonctionne dans des conditions raisonnables mais il est susceptible de l'empoisonnement

d'alliage et il a un inconvénient majeur: un rapport massique hydrogène/métal HlM

souvent petit. Par contre, l'adsorption d'hydrogène sur matériaux poreux carbonés

semble être une résolution idéale. Ces matériaux offrent beaucoup d'avantages tels que

la basse densité massique et une capacité de stockage élevée.

La nature des facteurs qui influencent le niveau du stockage d'hydrogène est

encore contestée pour les matériaux carbonés nanostructurés. Dans le cas des nanofibres

de carbone, il est suggéré que la présence des défauts superficiels peut dissocier

l'hydrogène, qui s'intercale alors dans les plans de graphène. Plus généralement, l'effet

des métaux résiduels, issus de la synthèse des nanomatériaux carbonés, dans la prise

d'hydrogène, a été en grande partie non étudiée et non caractérisée. Ceci nous a incités à

étudier des catalyseurs de nickel supportés sur un charbon actif commercial amorphe

comme matériaux pour le stockage d'hydrogène. Le charbon actif est un matériau bon

marché par rapport aux matériaux nanostructurés synthétiques du carbone. Le nickel est

un métal largement répandu dans l'industrie.

Nous avons exploré plusieurs facteurs déterminant le nIveau du stockage:

méthode de préparation des catalyseur, nature du précurseur métallique, pourcentage de

nickel et dilution de catalyseur par support. Les catalyseurs examinés sont ceux qui ont

été étudiés dans l'hydrogénation du benzène dans le chapitre précédent.
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1. INTRODUCTION

Interest in hydrogen, which contains more chemical energy per weight than any

hydrocarbon fuel [1], as an energy source has grown dramatically since last two

decades, and many advances in hydrogen production and utilization technologies have

been made [2]. However, hydrogen storage technologies must be significantly advanced

if a hydrogen based energy system is to be established [2].

An effective and cheap storage system is crucial for the future utilization of

hydrogen as a pollution-free energy carrier [3]. However, the most important condition

required for these systems is the safety for transportation or utility use. In addition to

carbon adsorption, three other hydrogen storage methods were analyzed as on-board

storage alternatives; these are: compression, liquid, and metal hybrids [3]. However,

these methods are unattractive for vehicular application due to many technologieal

difficulties such as high pressure and cryogenie temperature. The metal hydride system

operates under reasonable conditions but is susceptible to alloy poisoning and has a

weight drawback [4]. The first possibility, hydrogen adsorption in porous solids such as

activated carbons, seems to he an ideal resolution. Moreover, the carbon-based material

offers a lot of advantages such as low mass density and high storage capacity.

Condensation of hydrogen in high surface area carbon materials at liquid

nitrogen temperatures has been demonstrated and verified as a viable hydrogen storage

option [5]. The need for high pressure and need to maintain very low temperatures are

major disadvantages. In recent years there has been considerable experimental and

theoretical interest in the use of nano-structured carbon materials, especially in the form

of tubes [6-8] fibers [9-10] and mechanically milled graphite [11] as potential hydrogen

sorbents. However, daims ofhydrogen storage capacity higher than the US Department

of Energy of 6.5% by weight have not been reproducible by other groups [8,12]. On the

other hand, an important feature of the hydrogen storage is that these materials contain

metals (Fe, Co, Ni, Cu), the contents of which are rarely reported because of practical

difficulties. The metals are used in the synthesis of the carbonaceous materials and

cannot be complete1y removed during the purification process [13]. Therefore, well

characterized material such as activated carbon is more appropriate for studying the

influence of metals on their hydrogen adsorption property.

The nature of the factors that influence the level of hydrogen storage is still

disputed. In the case of carbon nanofibers, it has been suggested that the presence of
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defects in the surface structure may dissociate hydrogen, which then intercalates in the

graphene planes [13]. The pre-treatment in neutral, oxidative or reductive atmosphere

may modify the structural properties of the carbon material in many ways: purification

by removal of the adsorbed species [14], opening of the carbon structure [15], increased

graphitization [16], activation of the solid [13]. Changes were also observed in the

carbon material structure after exposure to high-pressure hydrogen [17]. As a result, the

structural modifications induce important changes in the hydrogen storage of the

materials treated [13-16]. Metals used as catalysts for the preparation of carbonaceous

materials for hydrogen storage may play a role in the hydrogen uptake [18-22].

The real effect of monometallic nickel on the level of hydrogen storage has not

still received much attention, although, it has been recently reported implications of

hydrogen spillover from NiMgO oxide onto carbon nanotubes for hydrogen storage

[13]. More generally, the effect of residual metals in hydrogen uptake has been largely

unstudied and uncharacterized. This prompted us to study nickel catalysts supported on

an amorphous commercial activated carbon as materials for hydrogen storage. Activated

carbon is a cheap material as compared to nano-structured synthetic carbon materials.

Nickel is a metal widely used in the industry. We explored several factors determining

the level of storage: method of catalyst preparation, nature of the metal precursof, metal

loading and support catalyst dilution.

The catalysts examined were that studied in the hydrogenation of benzene in the

precedent section.
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2. RESULTS AND DISCUSSION

2.1. Characterization of the catalysts

The structural and surface properties of the nickel supported catalysts studied in

the high pressure hydrogen storage were discussed in details in Chapter VII. The brief

recall ofthese results is described below.

The activated carbon used has a BET surface area of 1073 m2 gcat-1 and a total

pore volume of 0.596 cm3 gcat-1 comprising 64% of micropores. The wet impregnation

method causes the changes in the texture of the final materials as shown in Table

VIII-lo

Combined XRD and TEM studies of the 1%Ni hydrazine catalyst indicated the

presence of very small partic1es «5 nm) accompanied by bigger c1usters. Classical

1%Ni nitrate catalyst was also found well dispersed. The dispersion decreased for

greater nickel contents. However, these results are at variance with the hydrogen

adsorption study. The discrepancies would be due to nickel embedding by the carbon

support or formation ofH-spiltover species during the hydrogen pre-treatment at 623 K

which over/underestimate the real metal dispersion. The H2-TPD study confirmed the

existence ofH-spiltover species (H/Ni >1 were found).

It is worth to note that calculations show that the maximum hydrogen uptake is

at most of 0.007 wt% and is observed for 10Ni/AC-N. This amount is negligible as

compared to the hydrogen uptake at high pressures as shown below.

The Hr TPD study showed the hydrogen desorption at high temperature with the

main peak of desorption starting from 1000 K for all the materials and a minor one at

lower temperatures (around 760-780 K) in the presence of the metal phase only. For the

10w temperature peak, the amounts are maximum 32.6*10-5 mol gcat-1 (Table VIII-l) for

INi/AC-N c1assical catalyst. This is less than 0.1 wt%. If one expresses the

corresponding HlNi (mol/mol) ratios, it could be seen that the hydrogen desorption

process is influenced by the nature of the precursor and, to a greater extent, by the

nickel content. The highest (4.7-3.8) and lowest (0.2-0.6) HlNi ratios are obtained with

the low (0.5-1 %) and high (5-10%) Ni content, respectively. This strikingly follows the

decrease of the surface area or pore volume.
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Table VIII-lo Characterization ofcatalysts.

BET
Pore %of H2 desa Surfaceb

Catalyst Surface
volume micropore *10-5 metal

Area [ 3 -1 ] volume [mol*gcat-1
]

area
[ 2 -1 ] cm g cat [ 2 -1 ]m g cat m g cat

O.5Ni/AC-A 1035 0.595 66.1 19.9 (4.7t 0.10

1Ni/AC-A 1107 0.595 66.0 26.8 (3.1)C 0.13

3Ni/AC-A 945 0.586 65.2 32.1 (1.3t 0.16

5Ni/AC-A 705 0.402 62.3 17.8 (O.4)C 0.85

7Ni/AC-A 654 0.385 64.3 22.0 (0.3t 1.05

10Ni/AC-A 487 0.264 65.5 21.4 (0.2)C 1.55

1NilAC-AH 1694 0.743 80.8 37.6 (4.4)C 0.14

5 Ni/AC-AH 1348 0.678 72.3 49.2 (1.1t 0.16

10 Ni/AC-AH 1056 0.572 65.5 40.2 (0.5)C 0.25

1 Ni/AC-N 1071 0.595 65.6 32.6 (3.8)C 0.01

5 Ni/AC-N 856 0.455 66.8 27.8 (0.6)C 0.03

10 Ni/AC-N 524 0.291 63.9 28.4 (0.3)C 0.27

AC 1073 0.596 66.4 8.71

ACH 1116 0.596 66.5 3.32

a from H2- TPD study

b from Hradorption study.

C nR/nNi ratio
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2.2. High-pressure hydrogen uptake studies at room temperature

2.2.1. Effect of the nickel content and method ofpreparation on hydrogen

storage

In the absence of metal, the AC active carbon adsorbs small quantities of

hydrogen: 0.12% wt. at 20 bars (Fig. VIII-2). This amount is 0.15%wt. when the

hydrogen pressure was increased to 30 bars. Physisorption of hydrogen on activated

carbons at room temperature and high pressures has been recently reported [23]. The

uptake is at most 1.2%wt. at 700 bars. Extrapolation at 25 bars gives 0.16%wt for the

ACFC sample which possesses a specifie surface area of 1079 m2 g-l, similar to that of

AC support. These characteristics are quite similar to that of the AC support. We also

conc1uded that hydrogen is physisorbed on this support.

3025

pressure of H
2

• bar

20

~
~ 0,41-"""",,,",,,",,,,",,,,",,,,,,,,",,,,,,,,,,,,,,,",,,,,,,,

r:i 0,3
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0,6 lIII!IIIi 1 Ni/AC-N

IIII!IIIiSNilAC-N
0,5 lIII!IIIi 10 Ni/AC-N

IIII!IIIiAC

Figure VIII-2. Hydrogen storagefor NiIAC-N catalysts.

In contrast, in the presence of nickel, the amount of hydrogen stored sharply

increases. For example, at 20 bars, the hydrogen uptake is 0.29wt.% for INi/AC-N (Fig.

VIII-2), that is 3 times higher than that of the pure active carbon. The uptake increases

to 0.53% at 30 bars and is also 3 times higher than for carbon alone. Extrapolating the

results reported in ref. 44, we calculated that physisorption on the carbon support for

such amounts would need a pressure as high as 100 bars at room temperature.

Moreover, at room temperature, thermodynamic experiments and ca1culations showed
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that only at pressures of 50,000 bars, the H/Ni ratios will reach values c10ser to 1, which

is where the phase transition of nickel hydride takes place [24-25]. This means that,

under the most favorable experimenta1 conditions we used, equilibrium HlM ratios in Ni

will still be a quite smaU value «<0.01). The obtained results (see Table VIII-2) let us

conc1uded that the hydrogen was chemisorbed on the Ni/AC catalysts at 20 or 30 bars.

0,6 111111111111111 NilAC-A
IIIIIIIIIIIIIISNilAC-A

0,5 ~10Ni/AC-A .-"000000000".-""000000000.-00000000000"""00 1
IIIIIIIIIIIIIIAC

3025
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êoe. 0,3
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~ 0,2
l'li

;r;"
0,1

Figure VIII-3. Hydrogen storagefor NilAC-A catalysts.

Another feature of the study is the decrease of the hydrogen uptake with the

increase ofthe nickel content for aU set of catalysts: for example, at 30 bars, it decreases

from 0.53 to 0.48 or 0.40 wt. % when the nickel content increases from 1 to 5 or 10% in

the case of the Ni/AC-N catalysts. The variation of the hydrogen uptake is c1earer when

it is expressed as the H/Ni ratio (Table VIII-2).

The NilAC-A catalysts are as active as the Ni/AC-N catalysts in the hydrogen

storage at 20 bars (Table VIII-2, Fig. VIII-3). However, in contrast, their capability

decreases when the pressure of hydrogen increases to 30 bars. At this pressure and for

the nickel content of 1%, the H/Ni ratio is 23.4 (hydrogen uptake of 0.40% wt.) against

31.0 (hydrogen uptake of 0.50% wt.) for the nitrate precursor catalyst. The kind of

precursor influences the hydrogen uptake.
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Table VIII-2. High pressure hydrogen storage at 293 K.

Catalyst
Hydrogen storage [wt.%] Hydrogen storage [molH/molNi]

20 bars 30 bars 20 bars 30 bars

0.5NilAC-A 0.30 35.29

1Ni/AC-A 0.31 0.40 18.19 23.38

3NilAC-A 0.29 5.68

5Ni/AC-A 0.26 0.39 2.89 4.29

7Ni/AC-A 0.24 2.01

lONilAC-A 0.23 0.42 1.22 2.21

INilAC-AH 0.51 29.93

5NilAC-AH 0.40 4.45

10NilAC-AH 0.30 1.85

1NilAC-N 0.29 0.53 17.02 30.96

5Ni/AC-N 0.25 0.48 2.78 5.36

lONilAC-N 0.20 0.40 1.06 2.12

AC 0.12 0.16

ACH 0.17

The hydrogen uptake also depends on the method of preparation of the catalysts.

The hydrazine non-c1assical catalysts showed higher storage capacity than the c1assical

cata1ysts (Table VIII-2). For examp1e, at 20 bars, the HlNi ratio is 29.9 (hydrogen

storage of 0.51% wt.) for INilAC-AH against 18.2 (hydrogen storage of 0.31% wt.) for

1Ni/AC-A.
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2.2.2. Effect ofthe thermal treatment on the hydrogen storage

The hydrogen uptake is also influenced by the temperature of the pre-treatment

as shown for the 1%Ni content catalysts at 30 bars in Table VIII-3. The results obtained

show that the effect is significant at 30 bars for the nitrate catalyst. For INi/AC-N the

HlNi ratio decreases from 31.0 to 26.3 or 19.7 when the pre-treatment temperature

under a hydrogen flow is increased from 623 to 773 or 873 K. The total decrease is of

30%. The effect is not significant for 1Ni/AC-A catalyst.

Table VIII-3. Effect ofthe pre-treatment on the hydrogen storage at 293 K and 30

barsfor the 1% Ni/AC catalysts (hydrogen storage in [nH/nNiJ).

Catalyst

1NilAC-A

1NilAC-N

Pretreatment by H2 (3h)

623K 773K 873K

23.38 21.4 21.2

30.96 26.3 19.7

2.2.3. Effect ofthe mechanical mixture on hydrogen storage

The effect of mechanical mixture of the catalyst and support was studied with

various AC/(AC+catalyst) percentages (wt.%). The results for 1Ni/(AC-A+AC)

mixtures are presented in Fig. VIII-4. The dilution of the catalyst by the support

increases the HlNi ratio for the prepared mixtures up to a maximum. This maximum

(H/Ni=21) was found for the 1:4 mixture. For all the mixtures tested, the HlNi ratio is

»1. This strongly confirms the intervention of the support in the hydrogen uptake. This

is typically the behavior of the spilt over hydrogen species formed [26].
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Figure VIII-4. Hydrogen storage at room temperature and 20 bars
for mechanical mixtures lNilAC-A+AC(.) and A C(rJi).

The hydrogen migration process is controlled by a distance factor. Dilution is

believed to increase the number of H species stabilized by the active carbon by

increasing the available surface area and, in the mean time, lowering the recombination

rate of these species in molecular hydrogen. At a certain point, the additional surface

area of the dilutent brings no further benefit to the hydrogen uptake. The H atoms

formed would be stabilized on the graphite lattice [27].

3. DISCUSSION

The present n~sults c1early show that nickel catalysts supported on active carbon

could store significant amounts of hydrogen at room temperature, provided the pressure

used is high enough to observe the phenomena. This hydrogen is desorbable under

moderate conditions, namely room temperature and pressure.

The role of the metal in the hydrogen uptake is central for the metal-doped

activated carbon prepared. Indeed, the uptake is much higher in the presence of the

metal and also depends on the metal content, the nature of the metal precursor and the

method of catalyst preparation. An these factors are known as determining in the metal

241



CHAPTER VIII

dispersion in case of metal supported catalysts [28-35]. However, close examination of

the results obtained shows that there is no correlation between the metal surface area

and the hydrogen storage capability of the catalyst. Indeed, increasing nickel content led

to increasing metal surface area but decreasing hydrogen uptake (Tables VIII-i and

VIII-2). In contrast, the correlation is between the hydrogen uptake and the specifie

surface area which both decreased with increasing nickel content (Tables VIII-i and

VIII-2): the uptake level is restricted by the specifie surface. The various effects of the

metal are summarized on Fig VIII-5 - VIII-8 in case ofNi/AC-AH catalysts tested at 20

bars.

30
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o

Il 1Ni/AC-AH
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D10NI/AC-AH

Hydrogen storage
H/Ni (mol/mol)

Figure VIII-5. Effect ofNi content on hydrogen storage.
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at high temperature.
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Figure VIII-7. Effect ofNi content on BET specifie surface area.
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Figure VIII-S. Effect ofNi content on metal surface area.

These apparent contradictions could be explained by the mechanism of the

hydrogen uptake, namely the hydrogen spillover effect, as confirmed by the study of the

catalyst+active carbon mixtures (Fig. VIII-4). Indeed, the spillover effect may be

influenced by texturaI factors in the carbon skeleton: the migration of the H atoms is

probably inhibited in case of the 5 or lO%Ni catalysts because of decreasing specific

area, as compared to 1%Ni catalyst. Moreover, the migration of the H atoms needs

metal-carbon contacts to occur. The number and quality of these bridges depend on the

structural and texturaI properties of the catalysts and also influence the hydrogen uptake

level. These qualities may be encountered in the 1%Ni catalyst which is weIl dispersed.

243



CHAPTER VIII

The H2- TPD study showed that hydrogen molecules were incorporated in the

carbon support during the hydrogen pre-treatment at 623 K and desorbed at high

temperatures only (750 K-780 K) through the direct and reverse spillover effects [35­

37]. One may conc1ude that the hydrogen desorbing at room temperature in the high

pressure experiments more likely results from the direct recombination on the active

carbon surface then desorption. The loose bonding between the spilt-over species and

the carbon surface allows a facile recombination in molecular hydrogen. Accordingly, a

possible mechanism ofhydrogen storage and desorption would be written as follows:

H2 (g) + 2 M

2HM + AC «>

2 He «>

«> 2 HM

2Hc + 2M

H2 (g) + AC

where M and AC denote metal and active carbon sites respectively and HM and He

metal hydrogen atoms adsorbed on a metal or carbon site respectively. It can be

schematically presented as (Fig. VIII-9):

spillover

C

migration

o R T

11
HH

Figure VIII-9. Mechanism ofhydrogen spillover at room temperature.
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More striking, further examination of the results showed a remarkable

correlation between the hydrogen stored at low temperature/high pressure and the

hydrogen incorporated at high temperature during the hydrogen treatment at 623 K

(Table VIII-l, Figure VIII-11), namely a correlation between low and high temperature

spilt-over species. The latter species could play a role in the hydrogen storage through

the following mechanism:

Hl (g) + 2M <:;> 2 HM

2HM + AC <:;> 2 Sc+2M

2 Sc <:;> Hl(g) + AC

where Sc are carbon sites created by the high temperature hydrogen spilt-over species.

The other symbols are similar to that described above. It can be schematically presented

as (Figure VIII-lO):

2

11
spillover

C~

s u

migration

S

2

11
Sc

Sc - active sites formed during hydrogen treatment

Figure VIII-JO. Mechanism ofhydrogen spillover at high temperature.

It has been suggested that spilt-over speCIeS may modify the electronic

properties of a support and create new sites for the adsorption of hydrogen molecules

from the gas phase [37-38]. It is also worth noting that spilt-over hydrogen species
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linked to a carbon type support were found very active in catalytic hydrogenation

reactions. This was demonstrated in the precedent section with the present catalysts. It

has also been demonstrated, in case of Pt/active carbon, that benzene would be

substantially and directly hydrogenated to cyclohexane on the carbon support [22].

80
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70 classical catalysts
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Figure VIII-Il. Dependence ofthe hydrogen storage on hydrogen desorbed
at high temperature.

The comparison of the performances of the Ni/AC materials studied with that

published in the literature is not obvious. In effect, the various materials and conditions

of observation of the hydrogen uptake are a serious obstacle for this comparison.

Nevertheless, selected literature data show that these performances are in fairly good

accordance with previous studies in similar conditions (Table VIllA). These

performances (H2 uptake of 0.53%wt at 30 bars) may also be of a practical interest since

1% ofhydrogen storage at room temperature and 100 bars is considered as a value close

to the target from an application point ofview [23]. The conditions ofhydrogen uptake

have not still been optimized. Calculations showed that the amounts of hydrogen
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adsorbed at most represent 1% of monolayer (Table VIII-4). Improvements in metal

dispersion or use of higher pressure may improve the hydrogen storage for commercial

metal-doped active carbons. The support porosity may also be a crucial factor in

hydrogen storage in active carbons, as showed several studies [23]. It needs further

work for metal doped active carbons. It would also be of importance to study the effect

of the nature of the metal on the hydrogen uptake.

High values in hydrogen storage have recently been c1aimed with carbon

nanostructured materials: 1.9% at 50 bars [39], 3.7% at 69 bars [13], 4% at 100 bars

[40], 6.3% at 148 bars [41] as compared to activated carbon materials (Table VIII-4).

The graphene entities in carbon nanostructured materials would possess the required

geometrical and electronical properties for the absorption of hydrogen and explains the

reported performances [27]. In addition, it has to be stressed that these good

performances were obtained by using not only high pressures but, also, metals as

catalysts for the synthesis of the carbon nanostructures. In case of carbon nanotubes, the

metal is directly incorporated in the material during the synthesis. As a result, the metal

is intimately mixed with the carbon frame and stabilized in the final solid. This leads to

increased metal-carbon contact which enhances the hydrogen spillover effect.

Table VIII-4. Literature data on hydrogen storage for various carbon supports.

wt.% mm/me
H2 volumeHVgeat

material
H2 [mg geat-l]

monolayer
[Lm geat-l]

Ref.
[%]

1 NilAC-N
0.53 5.2 0.96 0.023 L g-l

1071 m2g-l this

AC 0.016 L g-l
work

1062m2 g-l 0.15 1.5 0.28

AC
0.3 3.0 0.20 0.036 L g-l [42]3000 m2g-l

AC*
0.17 1.7 0.12 0.019 L g-l [43]1470m2 g-l

single-waUed carbon
0.13 1.5 0.4 0.015 L g-l [44]

nanotube 320m2g-l

carbon nanofibre
0.1 1.0 27.7 0.02 L g-l [42]70 m2 g-l
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Unfortunately, as said before, because of practical difficulties, the metal content in

nanotubes is rarely reported. This information would be useful for a better analysis of

the performances published. We think that the Himetal ratio is a practical criterion in

the definition of the performances ofcarbon materials used in the storage ofhydrogen.

4. CONCLUSIONS

The present results clearly show that nickel catalysts supported on active carbon

could store significant amounts of hydrogen at room temperature and high pressure (up

to 0,53% at 30 bars against 0.1 % for the activated carbon). These performances are in

fairly good accordance with published results and may be improved in the near future.

The study shows that the hydrogen storage depends on the hydrogen pressure, the

metal content, the metal precursor nature and the catalyst preparation method. Three

main features arise from the results obtained. First, the hydrogen stored is loosely linked

to the catalyst surface: the desorption is operated at room temperature and pressure.

Second, the hydrogen spillover is mainly responsible of the formation of the hydrogen

reservoir: e. g., the amounts of hydrogen stored increases by physically diiuting the

catalyst by the activated carbon. Third, the pore volume modulates the level of the

hydrogen reservoir: the hydrogen reservoir volume decreases with decreasing pore

volume. The best performance at 20 bars (%wt.) is obtained with the 1%Ni non

classical hydrazine catalyst which exhibited the greatest specific surface area (1694

m2gcat-
1
) and micropore proportions (80.8%).

The discussion of the results shows that, at room temperature and high pressure,

the hydrogen spiltover species are most probably stored on the activated carbon. The

weak adsorption strength of these species allows an easy recombination and a direct

desorption from the support at room pressure and temperature. Moreover, a close

examination of the amounts of the hydrogen spilt-over species incorporated in the

catalyst during the heat pre-treatment under hydrogen at 623 K, strongly suggests that

these species may have created new acceptor sites on the carbon support. On these

carbon sites, at room temperature and high pressure, the hydrogen would directly

adsorbs from the gas phase. To summarize, the hydrogen reservoir may originate from

two sources: i) hydrogen spiltover species adsorbed on the carbon support via the nickel
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phase; ii) hydrogen species directly adsorbed from the gas phase onto carbon active

sites generated by the Hz pre-treatment at 623 K.
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CHAPTERIX

1. INTRODUCTION

Metallic nanopartic1es exhibit unusual chemical and physical properties that are

due to the combination of large proportion of high energy surface atoms as compared to

the bulk meta1. Generally the metal partic1es are obtained by the reduction of metal salt

in hydrogen flow. However, the control of the size and structure of these partic1es is

difficult. In the past two decades the chemical methods of reduction have been

developed and largely studied. Different wet chemical methods for well dispersed metal

nanopartic1es preparation have been established. One of them is the chemical reduction

with hydrazine in aqueous media. This relatively soft chemical method seems to be very

useful for preparation of nickel nanopartic1es with the small average partic1e size.

However, it depends on the various parameters such as kind of the nickel precursor,

kind of the support and the foreign ions addition. These parameters mutually influence

on each other. This is discussed below.

For a useful discussion nickel catalysts supported on oxides and on activated

carbon are presented separate1y.
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2. OXIDES AS NICKEL CATALYSTS SUPPORTS

2.1. Reduction of the supported Ne+ ions

Supported nickel catalysts are widely used in heterogeneous catalysis. The

carrier on which the nickel is supported may be visualized as a porous material with a

huge amount of surface contained in pores. The metal exists on the surface as small

aggregates. It could be supposed that the nature of the support influences the reduction

of nickel by hydrazine. In our study six different oxide supports were used. The

supports were divided as follows:

non reducible oxides such as alumina and silica

reducible oxides such as Ce02 and Nb20S

The chemical and physical properties may influence the reduction of nickel ions. Its

acidity, reducibility and extent of the interaction with nickel play important role in the

complex chemistry of this reduction. These parameters are described below.

Recall that in the reduction of nickel with hydrazine, the metal phase is expected

to proceed according to the following reaction [1]:

After hydrazine injection at 353 K the solution became blue indicating the

[Ni(N2H4)3f+ complex formation. This complex is formed via the substitution of water

ligands by hydrazine ligands. When the temperature is increased, the complex

decomposes and the reaction media progressively changes to a dark black colloidal

solution of metallic nickel and gaseous N2 evolves according to equation (1). Moreover,

it was shown that the reduction occurs in the same hydrazine media with a rate and

conversion depending on the nickel content and reaction conditions [1]. In presence of a

support, a supported [Ni(N2H4)n]2+ complex, more or less stable, is intermediately

formed. It could more or less rapidly decompose to metallic nickel and gaseous N2.
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2.1.1. Support effects

The acidity of the supports used in this work was estimated on the basis of

isopropanol dehydration. Intramolecular dehydration towards propene as weIl as

intermolecular reaction producing diisopropyl ether occurs with the participation of

acidic centers on the catalyst surface. For aIl matrices tested, propene was the main

reaction product, indicating acidity of the materials. However, the conversion of alcohol

(indicating acidity) depended on the nature of the support (Fig.IX-l) in the foIlowing

order:

The hydrated niobium oxide (niobic acid) was found the most acidic. The lowest

acidity was found for the Ce02 and crystallized Si02(C). Amorphous Si02(V) and

Si02(D) showed medium acidity.

It is worth to note that the difference in the acidity of the Si02(C) and Si02(D)

supports was evidenced by the FTIR-Pyridine measurements (see Figure VI-3, Chapter

VI). The absence of Bmnsted and very low Lewis acidity was found for crystailized

Si02(C) support. Contrary to that, the surface of the Si02(D) support contains the Lewis

acidity.

The acidity of the support was found to influence the reduction of nickel ions.

The reduction was inhibited in case of the Nb20 S and y-Ab03-the most acidic

supports. It is also the case for amorphous acidic Si02(V) and Si02(D) oxides. This is

ascribed to superficial nickel mixed oxides, stable in the hydrazine media. Strikingly,

the matrix exhibiting the highest acidity (hydrated Nb20S) thoroughly reacted with Ni­

acetate during the impregnation as evidenced from IR spectra (see Figure IV-9, Chapter

IV). The Ni/Nb20 S system is known to give rise to strong metal-support interaction [2­

6]. Moreover, both Ab03 and Nb20 S supports adsorbed the hydrazine as evidenced by

the H2-TPR (Chapter III) and XPS (Chapter IV) studies. Hydrazine adsorbed species

decomposed into gaseous hydrogen and nitrogen during the thermal treatment in

hydrogen flow.
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Figure IX-l.lsopropanol conversion/or studied supports.

For NbzOs support, we remarkably succeeded in nickel reduction by using a

stepwise procedure with 5%Ni content catalyst. Indeed, after three successive

impregnations (l, 3 and 5wt.%Ni), the final 5NiNbzOs-H solid was prone to the

reduction by aqueous hydrazine at 353 K. The green color of the solid was changed to

blue then dark and nitrogen was detected in the exit gas [see equation (1)].

It is now well established that stepwise impregnation of Ni/SiOz catalysts leads

to strongly and weakly adsorbed Niz+ [7]. Nickel in strong interaction is obtained by

impregnation of the nickel salt followed by water-washing or by ion-exchange then

calcination. Nickel in weak interaction is obtained by impregnation to Niz+ ions

previously strongly attached to silica. The latter ions serves as a "chemical glue" to the

former [8]. Nickel in strong interaction is identified as phillosilicates or grafted nickel,

depending on the preparation conditions. The anchoring of the metal partic1es onto the

support was found to occur via Ni+ or Ne+ ions located at the metal-support interface

[9]. Basing on these data one can suggest that, for Ni/NbzOs catalysts, nickel ions are

strongly anchored to the support up to 3% content and thus cannot be reduced by the

hydrazine. These ions, in tum, make up an interface on which the excess nickel
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introduced by the third impregnation weakly adsorbs and, consequently, becomes more

reducible and gives rise to metallic nickel phase: the reduction by hydrazine then

proceeds via reaction (1).

The less acidic supports, Si02(C) and Ce02, were found to accelerate the

reduction of nickel ions. The transformation of [Ni(N2~)nf+ blue complex to dark

colloid corresponds to nickel particles in reduced state occurs very easily. For Ce02,

redox properties have also to be considered. For Si02(C) surface defects or impurities

may play the role of active sites for the reduction.

2.1.2. Method ofpreparation

Two different methods of hydrazine preparation were used in this study: i)

impregnated catalyst-reduction method (denoted as 1 method); ii) precipitation­

reduction method (denoted as P method). Two supports were used for comparison:

Si02(C) and Si02(D).

For the less acidic Si02(C) support, the nickel ions were readily reduced

whatever the method used: the green colour of the catalyst grain surface (I method) or

of the solution (P method) tumed to blue then to dark. In contrast, for the more acidic

Si02(D)support, no reduction occurred whatever the method used. For the 1 catalyst, the

[Ni(N2H4)3f+ blue complex formed but did not transform to NiC species: we can admit

that the interactions between nickel complex and the silica surface on Si02(D) are

stronger than on the crystallized SiOlC) silica. As a result, the reducibility of nickel is

weakened. For the P catalyst, the blue solution readily discolored whereas the white

silica surface grains became blue. No reduction occurred in this case also. The overall

process is ascribed to [Ni(N2H4)3]2+ blue complex formation then fast precipitation on

the support. Strong interactions with the support inhibited its subsequent reduction.

2.1.3. Silver ions addition

Similarly to the unsupported nickel nanoparticles [10], the addition of silver ions

to the supported nickel catalysts acce1erates the nickel ions reduction. This effect was

remarkable for nickel catalyst supported on Si02(D) support: the presence of Ag+ ions

induced a rapid reduction of Ni2+ ions whereas this reduction does not occur in their

absence. In the presence of silver, the added metal is very easily reduced because the
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AgO partic1es formed played the role of active centers for nickel reduction. It has been

shown that silver ions added to the reactant mixture accelerate the reduction of

transition metals ions [10]. This effect was also observed during the reduction of nickel

oxide with hydrogen in the presence of Ag20 [11]. For Si02(C) supported nickel the

reduction occurs in the presence or absence of silver.

2.2. Degree of reduction of nickel

2.2.1. Support efJects

The degree of reduction was determined by oxygen adsorption, after a heat

treatment under pure hydrogen (see Experimental Section). The obtained results show

that the method of preparation, nature of the support or presence of silver as a metal

additive determined the degree of reduction.

Let us illustrate these results first for the alumina and amorphous silica supported

nickel catalysts (Table IX-I). Recall that the nickel precursor in these catalysts was not

reduced in aqueous hydrazine but in the hydrogen atmosphere during the heat

pretreatment.

Table IX-1. Characteristics ofcatalysts supported on Si02 and AI20 J•

H2 *10-5 Metal TOF
Conversion

adsorbed Dispersion Surface
Degree of [molecBz*s-lsité]

catalyst Reduction [%]
atRT [%] are

[mol*gcat-1
] [m2*gNi-1

]
[%]

373K 448K 373K 448K

1 NilAl20 3 0.35 4.1 27.3 103 0,019 0.162 4.7 40

INi/EDTAlAl20 3 0.38 5.2 34.6 86.1 0,029 0.264 7.5 71

1 NilAl20 3-H 0.34 9.5 62.4 42.7 0,004 0.320 0.98 77

INi/EDTAlAI,03-H 0.17 3.0 18.8 70.6 0,009 0.425 6.5 51

1 NilSi02(V) 0.59 10.2 9.9 68.7 0,103 0.235 43 98

INi/EDTAlSi02(V) 0.12 5.0 20.0 27.0 0,040 0.354 3.4 30

1 NilSi02(V)-H 0.60 8.4 12.0 84.6 0,062 0.229 26 98

INi/EDTAlSi(V)-H 0.00 67.7 0 0
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Strikingly, the degree of reduction of hydrazine catalysts differ from that of

c1assical catalysts. It may be conc1uded that the hydrazine treatment, whether it really

reduces nickel or not, influences on its reducibility in the hydrogen atmosphere. This

influence, in turn, depends on the nature of the support and method of preparation (SIM

versus DIM).

For the acidic Nb20 S support, hydrazine and c1assical catalysts gave rise to

various degrees of reduction (Table IX-2). The amorphous hydrated Nb20 S support is

reduced with hydrogen into the bluish-black dioxide Nb02 that has a distorted rutile

structure [12]. This reduction is reversible so the Nb02 reoxidized gives the Nb20 S.

Taking into account this reaction the degree of reduction after H2 treatment at 773 K

was 54.4% for calcined Nb20 S. Note that after a previous aqueous hydrazine treatment,

hydrated Nb20 S is reduced, with a yield of 27% only, to probably Nb02 also. The

reduction extent of the support was taken into account for calculation of the degree of

reduction of the nickel-niobia catalysts, supposing the same degree of support reduction.

This is obviously an approximation since, in the presence of nickel, the reduction of

Nb20s was facilitated according to the TPR study (see Chapter IV). The values obtained

are in fact maximum degree of reduction. From Table IX-2 it can be seen that the

degree ofreduction changes with the nickel content and method ofpreparation.

Table IX- 2. Characteristic ofthe nickel catalysts supported
on Ce02 and Nb2Os.

H2 *10-5 Metal
Degree of

catalyst
adsorbed Dispersion. Surface

Reduction.
atRT [%] are

[mol*gca/] [m2*gNi-1
]

[%]

1NiNb20S 78.2

1NilEDTAINb20 s 89.3

1NiNb2OS-H 86.6

1NilEDTAlNb20 s-H 104

5NiNb20S 123.4

5NiNb20S-H 89.2

1NiCe02-H 0.36 4.2 28.7 86.8

3NiCe02-H 0.63 2.4 16.5 91.3

5NiCe02-H 1.06 2.5 16.8 92.5
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Remarkably, excess reduction (123%) is obtained with c1assical 5NiNb20 s

catalyst, probably as a result of excess reduction of niobium oxide in the presence of

nickel, not taken into account in our ca1culations. In contrast, for hydrazine treated

materials, increasing nickel content from 1 to 5wt.% does not increase the degree of

reduction, although the metal phase became more reducible according to the TPR study

(Figure IV-Il - IV-16, Chapter IV). Recall that 5NiNb20S-H cornes from a stepwise

preparation method which inc1uded the intermediate formation of nickel species firmly

attached to the support. These species were less prone to reduction.

NiCe02-H catalysts are highly reduced (86%- 93%) in the hydrazine media.

Redox properties of ceria are probably involved in the mechanism of reduction [13].

2.2.2. Sïlver additive effect

Silver alone is totally reduced for both Si02(C ) and Si02(D) silica supports as

did nickel alone (99.7%) on the former support only. The silver additive has an

influence on the degree ofreduction as reported in Table IX-3.

i) for impregnated bimetallic catalysts, the reduction is deeper with Si02(D)

(91.6%- 99.9%) than with Si02(C) support (76.2%- 85.5%) due to greater specific

surface area which gives rise to a greater metal dispersion in the supported precursor

and then to a deeper reduction of nickel.

ii) for precipitated catalysts, the degree of reduction practically does not depend

on the nature of the support. This is because, in the hydrazine media, metal partic1es

mainly formed in the solution or in the vicinity of the support, not on the support.

iii) in bimetallic systems, the higher the silver content the deeper the reduction

is. As reported above, reduced silver partic1es form tiny metallic partic1es acting as

foreign nuc1ei for subsequent growth of nickel partic1es. More silver ions introduced to

the reactant mixture more silver nuc1ei for nickel partic1es growth and deeper the

reduction is.

iv) the higher degree of reduction found for the monometallic nickel catalyst as

compared to the bimetallic catalysts could be explained by the different structure of the

metal partic1es formed on silica surface. In case of the Ni catalysts the TEM study
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showed the presence of the whisker like nickel partic1es while for the bimetallic

catalysts the only spherical partic1es were observed.

2.3. Dispersion of the nickel active phase

2.3.1. Effectofthe nature ofthe support

We have shown that, in case of acidic non reducible oxide supports, hydrazine­

treated nickel catalysts, although not reduced in this media, are reduced to different

extents as compared to c1assical catalysts under a hydrogen heating flow. Changes were

also found for metal dispersion. Metal dispersion varied with the nature of the support

and method ofimpregnation (SIM versus DIM) (Table IX-I). For example, nickel alone

is better dispersed on Si02(V) (10.2%) than on alumina (4.1%) for SIM c1assical

catalyst. This is not the case ofDIM or hydrazine catalysts.

In case of the acidic reducible oxides the results obtained confirmed that niobia

is a typical SMSI oxide whatever the method of impregnation (SIM versus DIM) or

preparation (c1assical versus non c1assical) or nickel content. No surface nickel atoms

were detected in hydrogen adsorption experiments (Table IX-2). Tt could he proposeà

that preferential deposition on nickel occurred on the niobia monolayer which is more

difficult to reduce and which could favor the formation of nickel niobate compounds.

The very strong nickel-niobia interaction could play a crucial role in the passivation

phenomenon of nickel active sites towards the hydrogen.

Contrary to the niobia catalysts the results showed that the chemical reduction

by hydrazine of nickel supported on Ce02 oxide catalysts occurreà very easily.

Dispersion passed through a minimum with increased nickel content (Table IX-2). It is

very weIl known that metal loading influences the metal dispersion on the support.

More metal ions present during the impregnation gives rise to partic1e size growth. It is

worth noting that dispersion increased with decreasing degree of reduction. Influence of

the degree of reduction on partic1e size growth is weIl known [14-15]. It is admitted that

decreasing the degree of reduction of metal ions induces the smaller partic1e growth: the

unreduced metal species slowdown the rate of migration and agglomeration of the metal

atoms with the metal partic1e fonned.
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2.3.2 Influence ofthe silver additive

The dispersion of the nickel active phase on the surface was found to depend on

the silver concentration (Table IX-3).

For impregnated catalysts, dispersion decreases with increased silver content.

Dispersion decrease could be explained by the fact that the metal dispersion is already

deterrnined in the impregnation step and depends on the Ni/Ag ratio. It is known that

silver does not adsorb the hydrogen and this was verified here. It means that more silver

atoms exposed on the surface lower hydrogen adsorption will occur. TEM images

showed the existence of bimetallic aggregates with a NilAg of 1 and comprising Ni and

Ag c1usters separated during the hydrazine reduction. For bimetallic catalysts, AgO

metal partic1es are readily forrned and play the role of active centers for nickel

reduction. As to the growth processes of the metal nuc1ei forrned, it is expected to occur

through surface diffusion for almost all the nuc1ei forrned. In other words, the final size

would be deterrnined by the primary metal partic1es forrned.

It is noticeable that the support nature of impregnated catalysts plays sorne role.

Indeed, it has to be noted that the less acidic and very low surface area support led to

better dispersion (4.3%- 5.9% against 3.4%- 5.1%) (Table IX-3).

Interestingly also, for impregnated catalysts, metal dispersion increased with

decreasing degree of reduction (Table IX-3). Indeed, as reported above, decreasing the

degree of reduction of metal ions induces the smaller partic1e growth: the unreduced

metal species slowdown the rate of migration and agglomeration of the metal atoms

with the metal partic1e forrned.
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Table IX-3. Characteristic ofthe bimetallic Ni/Ag catalysts.

H2 *10-5
Conversion TOFDegree of

adsorbed Dispersion [%] [molecBz*s-lsite-1
]

catalyst Reduction
atRT [%]

[mol*gcat-1
]

[%] 373K 373K

INiPC 0.39 4.5 95.6 15.2 0.059

90NiAgPC 0.27 5.2 72.2 1.2 0.007

75NiAgPC 0.63 n.4 85.3 100 0.233

50NiAgPC 0.27 6.7 93.2 21.5 0.n5

INiIC 0.62 7.2 99.7 61.7 0.149

90NiAgIC 0.34 5.9 76.2 31.4 0.136

75NiAgIC 0.28 5.3 82.7 30.7 0.163

50NiAgIC 0.20 4.3 85.5 17.9 0.132

90NiAgPD 0.52 7.6 85.2 1.6 0.004

75NiAgPD 0.45 8.2 86.2 6.5 0.022

50NiAgPD 0.35 8.8 95.6 85.3 0.341

90NiAgID 0.35 5.1 91.6 12.5 0.052

75NiAgID 0.24 3.8 99.1 3.1 0.019

50NiAgID 0.15 3.4 99.9 0 0.000

In contrast to impregnated catalysts, for precipitated catalysts, dispersion

increases with silver content. In thos case the reduction and partic1e growth take place in

solution or in the vicinity of the support (with the help of the silver) and metal

dispersion may be determined during the [Ni(N2H4)3]2+ complex precipitation. AgO

metal partic1es formed also play the role of active centers during the nickel reduction

processes. For precipitated catalysts one can speculate the existence of a great number

of homogeneously distributed AgO centers in solution on which nickel ions are readily

reduced and subsequently grow. This could explain the increase of metal dispersion

with increasing the silver content (Table IX-3). More silver ions introduced to the
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reactant mixture more silver nuclei for nickel particles growth. Study of electronic and

structural properties of these systems by means of magnetism, XPS, UV-vis, Raman is

in hand. Preliminary magnetic experiments suggests the existence of Ag-core Ni-shell

structure for 75NiAgPC catalyst.

Interestingly, the effect of silver on dispersion is relatively weak on the highest

surface specific area SiOz(D) support (7.6%- 8.8%) and more intense (up to 11.4%) on

the lowest surface specific area SiOz(C) support. This could mean that, although the

reduction probably takes place mostly in solution, the overall process could be

controlled by liquidlsolid surface equilibriums. The effect of the support adds to that of

the silver additive.

2.4. Activity of the nickel catalysts towards hydrogen

Metallic nickel adsorbs very limited amounts of hydrogen under ordinary

conditions but is known to form a nearly stoichiometric hybride NiH at high hydrogen

pressure [16]. However, not always the nR/nNi ratio near 1 (or more) confirms the

nickel hybride formation. It is very well known that reduction of nickel supported

catalysts at high temperature in hydrogen flow may result in strongly chemisorbed

hydrogen, give rise to hydrogen spillover effect or affect reduction of the support

resulting in the alloy formation with atoms from the support [17]. Especially, hydrogen

spillover phenomenon seems to be very important in heterogeneous catalysis because

most of the catalysts consist in small metal particles supported on high surface area

oxides or carbon, and many catalytic reactions involve hydrogen [18]. Hydrogen

spillover takes place during surface measurements, then nH/nNi ratios much greater

then one can be obtained [18]. In this case the H2 chemisorption is not always a viable

method for metallic surface area measurements.

Hydrogen spillover effect can also be observed by the H2- TPD desorption study.

It could be considered that the hydrogen desorbed at high temperatures is due to the

strongly chemisorbed hydrogen or reverse spillover. Moreover, the desorption nH/nNi

ratios near or higher than 1 can testify the spillover effect. It was postulated that

hydroxyls groups on the support stabilize spiltover hydrogen. Aiso the amount of

hydrogen spiltover strongly depends on the acidity of the support [18]. During the high

temperature reduction with H2 the spiltover hydrogen can react with the hydroxyl

groups present on the support surface giving rise to water production and active sites
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creation. These sites are very active in the catalytic processes. The number of these

active sites can be estimated assuming that one water molecule is produced for each

hydroxyl that reacts with spiltover hydrogen [18]. The concentration of active sites

created on silica surface was estimated to be in order to 1012 sites per cm2 of the surface

[19]. This concentration is dramatically higher in case of the carbon supports where

1013_1015 sites per cm2 have been estimated [20].

The H2-TPD study pennits to designate different species of nickel active phase.

The desorption of hydrogen depends on the interaction between hydrogen molecule and

nickel active phase. Temperature of desorption could give the information about the

hydrogen-nickel strength. Generally, for all catalysts we studied, the TPD profiles

showed two main domains of desorption in low and high temperature. The first peak of

desorption at low temperature could be attributed to the hydrogen weakly adsorbed on

the nickel surface and the second peak with the maximum of desorption at high

temperature originates from the desorption of hydrogen strongly adsorbed on nickel

surface or/and from the reverse spillover effect.

The amount of hydrogen spiltover strongly depends on the acidity of the support

[3], the hydroxyls groups being responsible for the migration ofhydrogen spiltover onto

the support. One could be supposed that t.lJ.e quantities of desorbed hydrogen would he

depend on the support acidity. Indeed, as shown in Figure IX-3, the amounts of

hydrogen desorbed during the HrTPD study for nickel catalysts supported on Si02,

Ce02 or Nb20 5 oxides increase with increasing the support acidity.

It can be seen also from Tables IX-4 and IX-S that the most acidic Si02 (D)

silica desorbs more hydrogen than the less acidic Si02 (C) silica in case of supported

Ni-Ag systems. However, this order also comprises the influence of the specifie surface

area, which is bigger for Si02 (D) support. Indeed, the intensity of the spillover effect

depends on the specifie area extent. Distances as long as 12 cm were found to be

crossed by H spiltover species on metal supported catalysts [18]. Note that this order

also takes into account, the strength of the metal-support interactions which are much

more important with Si02 (D) (recall that Ni2+ ion reduction started only in the presence

ofthe silver additive) than with Si02 (C).

Further, hydrogen spillover also depends on metal-support contacts or bridges

(number and structure). The higher the metal dispersion the larger the metal-support

interface (or greater the number of metal-support contacts) the more intense the

spillover is. This is observed with the higher the case Si02 (D) support which interacted
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much more with the metal phase: the amounts of hydrogen desorbed increases with

increasing dispersion (Table IX-5). No such a correlation is observed with Si02 (C)

where metal-support are rather bad (Table IX-4). These bad interactions are more

striking for Si02 (C) precipitated catalysts which, although they adsorbed hydrogen at

room temperature, desorbed almost no hydrogen. In this case, the hydrogen interacted

loose1y with the catalyst and, most probably, rather interacted with the nickel

component than with the support.
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Figure IX-2. Hydrogen desorption versus isopropanol decomposition.

Table IX-4. Desorption data for Ni/Si02(C) catalysts.

Dispersion Ni H2 des. Dispersion Ni H2 des.
catalyst

[%] % [nH/nNi]
catalyst

[%] % [nH/nNi]

90NiAgPC 5.2 0.90 0.02 90NiAgIC 5.9 0.90 0.07

75NiAgPC 11.4 0.75 0.03 75NiAgIC 5.3 0.75 0.12

50NiAgPC 6.7 0.50 0.02 50NiAgIC 4.3 0.50 0.13
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Table IX-S. Desorption data for Ni/SiOdD) catalysts.

Dispersion Ni Hz des. Dispersion Ni Hz des.
catalyst

[%] % [nH/nNi]
catalyst

[%] % [nH/nNi]

90NiAgPD 7.6 0.90 0.13 90NiAgID 5.1 0.90 0.16

75NiAgPD 8.2 0.75 0.24 75NiAgID 3.8 0.75 0.19

50NiAgPD 8.8 0.50 0.37 50NiAgiD 3.4 0.50 0.25

2.5. Activity of the nickel catalysts in benzene hydrogenation

Catalytic activity is known to be determined by the metal partic1e size (or

dispersion) and shape which, in tum, depend on the method of preparation, the metal

content, the nature of the support and the presence of a second metal additive. The

nature of the chemical processes involved could also be rate determining. AIl these

factors are acting in the hydrogenation of benzene on the prepared catalysts. Recall that

this reaction is favored on acidic supports on which the benzene molecule is activated

and reacts with H atoms tb.rough the hydrogen spillover effect [21-22].

2.5.1. Effect ofthe support

Catalytic activity of non reducible oxide catalysts is typically a combination of

the several factors involved. For INiSi02(V) catalysts, TüF is almost proportional to

the metal dispersion which seems to be rate determining (Table IX-l). In contrast,

c1assical INiSi02(V) is twice more dispersed as compared to c1assical 1NiAlz03

whereas its TüF (at 373 K) is five fold greater. Maximum activity of the silica catalyst

was found to occur at a lower temperature (448 K) than for the alumina catalyst (473

K). In the same way, for non c1assical INiAlz03-H, the dispersion is twice that of

c1assical INiAlz03 whereas its TüF is five fold lower.

Very high acidity of the niobia supports give rise to the very strong metal

support interaction. The catalysts supported on Nb20 S were found to be completely

inactive in the benzene hydrogenation.
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The MSI have been c1aimed for c1assical nickel catalysts supported on Ce02

[23]. Our results well confirmed this effect (Table IX-6). 1 and 5%Ni catalysts exhibit

similar reactivity (same TOF and same temperature for maximum activity) with

different dispersions. Reactivity and dispersion is minimum for the 3%Ni catalyst.

According to the literature data, two effects of SMSI could be invoked, namely the

decoration of the metal partic1es by cerium suboxides patches and formation of metal­

cerium alloys [24]. These effects would not affect the structure insensivity of the

benzene hydrogenation reaction. However, they can modify the intrinsic activity of the

catalysts.

Table IX-6. Activity ofthe nickel supported on Ce02 catalysts.

TOF Conversion
catalyst [molecBz*s-lsité] [%]

373K 448K 373K 448K

1NiCeOrH 0,010 0.111 2.6 26.9

3NiCe02-H 0,004 0.025 1.5 10.3

5NiCe0 2-H 0,011 0.079 7.7 54.7

Note that the H2-TPD study evidenced surface H-species desorbing at a much

lower temperature for 1 and 5%Ni catalysts (300 K- 450 K) than 3%Ni catalyst (from

675 K only). This suggests the existence oflow energy activation sites for the hydrogen,

producing very reactive H-species during the hydrogenation reaction.

Despite the base character of the support, the existence of the spillover hydrogen

phenomenon could also operate in the hydrogenation reaction over the Ni/Ce02-H

catalysts [25-26]. H-Spilt-over species under reducing conditions contributes to achieve

the reduction of the nickel ions or even produce CeIII sites through an electron transfer

from the nickel partic1es to ceria [26]. The hydrogen dissociates at the nickel (Nio)

surface and transfers protons to the ceria support, generating new hydroxyl groups. The

high activity is explained in this case by the excess of electrons at the metal surface.
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2.5.2. Effect ofthe silver ion addition

The results obtained on the effect of silver additive on the catalytic activity at

373 K are reported in Tables IX-3. Silver is inactive in the reaction. The TOF's are

higher with SiOlC) than with Si02(D) and for precipitated than for impregnated

catalysts. In addition, important gaps of activity are observed for 75NiAgPC

(0.007 s'1---+0.233 S·l) and 50NiAgPD (0.004 s·1---+0.341 S'l) catalysts as compared to

that oftheir homologues. Moreover, at 348 K, the values observed (0.061-0.084 S·l) are

higher than the standard values reported for nickel catalysts (0.005-0.033 S·l) [27-28]

and close to that obtained for platinum catalysts at 333 K (0.033-0.078 S·l) [29].

For impregnated catalysts, incorporation of silver as a second metal decreases

the catalytic activity in parallel with the metal dispersion due to the existence of

separate Ni and Ag phases. For these catalysts it is worth noting the correlation between

metal dispersion, degree of reduction and catalytic activity: increased silver content led

to increased metal dispersion and activity [with maximums for Si02(C) support] (Table

IX-3). It is believed [30] that the presence of unreduced metal at the support surface

diminishes the metal particle size required for the adsorption of benzene in a planar

mode; also the TOF's increased with increasing metal dispersion and decreasing degree

of reduction.

In contrast, with the precipitated catalysts the metal dispersion and activity

increased the silver content. Thus could be accounted for Ni-Ag groupings, generated in

hydrazine solution during precipitation of metal particles on the support, and active in

benzene hydrogenation. Structural properties of these groupings may be responsible for

the high activity of 75NiAgPC and 50NiAgPD catalysts. As reported above, preliminary

magnetic experiments suggests the existence of Ag-core Ni-shell structure for

75NiAgPC catalyst.

For a more refmed analysis of the activity results, one has to get in mind that the

overall reactivity of a catalyst is detennined not only by structural properties of metal

particles but also by surface chemical processes. In benzene hydrogenation over metal

supported catalysts, it is believed that the reaction occurs both on the metal and on the

support through the hydrogen spillover [29, 31-33]. In this way, the acidity of the

support (strength and concentration of acidic sites) plays an important role [32-34].

Remarkably, the highest TOF is obtained with 50NiAgPD (0.341 S·l) with the more

acidic Si02(D) support. Moreover, it is worth noting that this catalyst also exhibits the

271



CHAPTERIX

highest amount of hydrogen desorbed at high temperature, 1. e. hydrogen species

incorporated in the support and identified as spilt-over species.

Interestingly, from Table VI-5, (Chapter VI) it can be seen that the apparent

energy of activation ofbimetallic catalysts is higher (41.3 kJ morl -48.3 kJ morI) for

the more acidic Si02(D) support as compared to that of the less acidic Si02(C) support

(39.6 kJ morI- 44.4 kJ morI). This could be ascribed to a relative adsorption energy

stronger for the benzene on the Si02(D) support which retards the overall chemical

processes. Interesting also is the lower apparent energy of activation of C precipitated

catalysts (39.6 kJ morI- 41.7 kJ morI) as compared to that ofC impregnated catalysts

(40.6 kJ morI- 44.4 kJ morI). This may be due to the existence of very reactive surface

H-species in the former case as suggested the H2-TPD study (Chapter VI).
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3. ACTIVATED CARBON AS NICKEL CATALYST SUPPORT

3.1. Support properties

Activated carbon is a relatively weak support as showed isopropanol

decomposition experiments (Figure IX-l). This acidity is strongly decreased in aqueous

hydrazine media at 353 K: dry hydrazine-treated support decomposes isopropanol to 1%

only (against 6% for dry fresh support, see Figure VII-3, Chapter VII). During the

aqueous hydrazine treatment of activated carbon gaseous, nitrogen and ammonia

evolved. One can be supposed that aqueous hydrazine reacts with acidic surface groups

of the carbon materia1. Note that the treatment does not affect the texturaI properties of

the carbon since both specifie surface area and pore volume are not changed.

3.2. Reduction of the supported Ni2+ ions

For nickel acetate precursor, hydrazine provoked gaseous nitrogen and hydrogen

evolution and the solid obtained can be removed with a magnet from the reduction

flask. This is ascribed to NiD particle formation according to equation (1). Absence of

nickel reduction is found with the nickel nitrate and this is ascribed to reaction between

the metal precursor and the support forming stable surface compounds, not reducible by

the hydrazine.

Strikingly, specifie area of the carbon increased in presence of the nickel acetate

during the hydrazine reduction. This is particularly the case of lNi/AC-AH where the

specifie surface increased from 1107 to 1694 m2*g-1 and pore volume from to. This

increase could be explained by the gasification of the carbon surface by the hydrazine.

3.3. Interaction of hydrogen with the nickel catalysts

In metal-carbon systems, intense interactions can be promoted and play an

important role conditioning both texturaI properties and reactivity of the catalyst [35].

Metal-carbon interactions attracted much attention [36-37]. In this way, the thermal pre­

treatment nature (neutrallreductive/oxidative) may change the surface area or porosity

as well the activityor selectivity of the catalyst [35-36]. Dissolution of carbon atom in
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the metal [35-36] may cause the decrease of the catalytic activity through site blockage

[35].

The results of the hydrogen chemisorption at room temperature showed very low

hydrogen uptakes. The catalysts exhibited poor dispersion (Table IX-7). Dispersion

decreased with increasing nickel content (A and AH catalysts) or passed by a maximum

(N and APH catalysts). It is the highest with the N classical catalysts. On the other hand,

discrepancies appeared between TEM experiments and H-adsorption study: for

lONi/AC-A, metal surface area was 3.50 m2gcat-
1 or 0.27 m2gcat-

1 respectively. This

could be caused by nickel embedding by the carbon support [35-36] during the

hydrogen pre-treatment at 623 K which limits the access to the surface nickel atoms. It

was shown that the H2-adsorption on nickel catalysts deposited on charcoal was

decreased after a pretreatment under hydrogen at 773 K [35]. The authors attributed this

to a poisoning effect of the charcoal support. This action would be accomplished by the

carbon itself or/and additionally by mineraI impurities present in the support [35].

Strikingly, the amounts of hydrogen desorbed during TPD study are larger than

that adsorbed at room temperature (Table IX-7). Moreover, a close examination ofthese

amounts showed that the HlNi ratio may exceed 1 (e. g. 3.8-4.7 for lNi% content). This

excess hydrogen suggests that a part the reactant molecules, if not aU, is strongly

retained on the active carbon support. In other words, hydrogen molecules from the

reductive atmosphere probably dissociated on the metal phase then spilled over the

carbon support. This is in good correlation with the H2-TPR study which showed that

hydrogen was incorporated in the carbon support during the reduction step, particularly

for 1%Ni catalysts (HINi >l) (see Chapter VII). Hydrogen spillover on activated

carbons has been evidenced by several authors [38-39].
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Table IX-7. Characteristic ofactivated carbon supported nickel.

Metal Surface
TOF Conversion

Dispersion [molecBz*s-lsité] [%]
catalyst area

[%]
[m2*gNi-1

] 373K 373K

INilAC-A 1.13 7.1 0.022 1.20

5NilAC-A 0.41 2.7 0.042 4.84

10NilAC-A 0.39 2.7 0.016 3.62

INilAC-AH 2.11 14.1 0.254 30.88

5NilAC-AH 0.51 3.3 0.221 32.74

10NilAC-AH 0.30 2.4 0.200 31.02

INilAC-APH 0.26 1.6 0.783 10.56

5NilAC-APH 0.35 2.4 0.191 20.23

10NilAC-APH 0.30 2.0 0.062 11.01

INilAC-N 1.96 13.3 0.030 3.35

5NilAC-N 2.52 17.1 0.013 9.38

10NilAC-N 2.27 15.5 0.028 37.7

3.4. Catalytic activity

The activated carbon supported catalysts also exhibited a maximum of activity

as a function of the reaction temperature. Temperature ofthis maximum depends on the

nickelloading, the nature of the metal precursor and the method of preparation. Typical

results are reported in Fig 1X-3 and IX-4 and Table IX-7. Remarkably, best

perfonnances are obtained with the hydrazine-prepared catalysts. 1t is worth noting that

the TOF of benzene hydrogenation at 373 K on 5%Pt/AC is 0.494 s-I, a value quite

comparable to that observed for SNi/AC-AH which is 0.2212 S-l. Also one may
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conclude that the hydrazine preparation allows obtaining nickel catalyst very

performing for benzene hydrogenation

Discussion on the chemisorption study showed that the surface nickel atoms

reactivity towards hydrogen is strongly affected by the nickel-carbon interactions or the

hydrogen spillover effect. These parameters also may influence the hydrogenation

chemical processes. The spillover phenomenon was evidenced in benzene

hydrogenation using the mechanical mixtures of 10NilAC-N and lONilAC-A catalysts

with activated carbon. The activity of 10NilAC-N catalyst increases with dilution ratio

which is in good accordance with the hydrogen spillover effect.
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Figure IX-3. Benzene conversion for 1% Ni

A and N classical catalysts.

Figure IX-4. Benzene conversion for 1% Ni

A and AH catalysts.

The maximum of benzene conversion is observed for the mixture with 0.5

dilution ratio at 448 K (Fig. IX-6). The activity of the hybrid catalyst, which is 2 times

higher than that of undiluted catalyst, could be ascribed to the hydrogen migration

process which is controlled by a distance factor [38]. Dilution is believed to increase the

number of H species stabilized by the active carbon by increasing the available surface

area and, in the mean time, lowers the recombination of these species in molecular

hydrogen. At a certain point, the additional surface area of the dilutent brings no further

benefit to the hydrogen uptake. At higher dilution ratio, the number of H spilt-over
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acceptor sites stabilized by the support increases but the generation of the H spillover

decreases as the number of Ni decreases [39].

4. Hydrogen storage

The real effect of monometallic nickel on the level of hydrogen storage has not

still received much attention, although it bas been recently reported implications of

hydrogen spillover from NiMgO oxide onto carbon nanotubes for hydrogen storage

[40]. More generalIy, the effect of residual metals in hydrogen uptake has been largely

unstudied and uncharacterized. This prompted us to study nickel catalysts supported on

an amorphous commercial activated carbon as materials for hydrogen storage.

The role of the metal in the hydrogen uptake is shown to be central for the metal­

doped activated carbon prepared. Indeed, the uptake is much higher in the presence of

the metal and also depends on the metal content, the nature of the metal precursor and

the method of catalyst preparation. Typical results are reported in Table IX-8.

Table lX-S. Hydrogen storage.

H2 uptake at 20
Specifie surface area Metal surface area

Catalyst bars andRT
[m2*gca/] [m2*gNi-1

]
[%]

INilAC-A 0.31 1107 7.1

1NilAC-N 0.29 1071 13.1

1NilAC-AH 0.51 1671 14.1

AlI these factors are known as determining in the metal dispersion in case of

metal supported catalysts [41-42]. However, close examination of the results obtained

shows that there is no correlation between the metal surface area and the hydrogen

storage capability of the catalyst. In contrast, the correlation is between the hydrogen

uptake and the specifie surface area which both decreased with increasing nickel

content: the uptake level is restricted by the specifie surface (see Tables VIII-I and

VIII-2 for more details).
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These apparent contradictions could be explained by the mechanism of the

hydrogen uptake, namely the hydrogen spillover effect, as confirmed by the study of the

catalyst+active carbon mixtures (Fig. IX-5). Indeed, the spillover effect may be

influenced by texturaI factors in the carbon skeleton: the migration of the H atoms is

probably inhibited in case of the 5 or 10%Ni catalysts because of decreasing specifie

area. Moreover, the migration of the H atoms needs metal-carbon contacts to occur. The

number and quality of these bridges depend on the structural and texturaI properties of

the catalysts and also influence on the hydrogen uptake level.
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The dilution of nickel catalysts with the carbon gives rise to higher hydrogen

storage (Fig. IX-5) and higher activity in the gas phase benzene hydrogenation reaction

(Fig. IX-6). It could be concluded that the spilt over sites responsible for the increase of

catalytic activity may also responsible for the increase of hydrogen storage at room

temperature.

5. CONCLUSIONS AND PERSPECTIVES

In conclusions, the objective of this study, which was to modify the electronic

structure of nickel by exploring certain factors (method of preparation, nature of the

support, metal addition), was achieved. From a practical point ofview, it is important to

stress that, realizing certain operating conditions and for certain chemical compositions

(Ni or Ag) or for certain support (activated carbon), we can prepare nickel based

catalysts with performances close to that to that of platinum (a noble metal) catalysts.

From a fundamental point of view, a good correlation was established between the

performances observed for these catalysts and the reduction mechanisms of the

supported Ni2+ ions. The metal-support interactions which, mainly, govern the surface

and hydrogenating properties of final material, were evidenced by various methods: H2­

TPR, H2-TPD, FTIR. The mechanisms of the hydrogenation reaction, as well as the

solid-molecule (benzene or hydrogen) interactions or the hydrogen spillover

phenomenon were also found to strongly influence the catalytic performances of the

catalysts. In a specific study of the hydrogen-catalyst interaction, we showed that the

activated carbon, doped by nickel, is a good candidate as a material for hydrogen

storage. The driving force of this storage would be also the hydrogen spillover.

This work raises sorne questions and opens prospects for later research. We shall

evoke three of them.

We allotted the very good reducibility of nickel, when the crystallized silica was

used as a support, to the existence of rather weak metal-support interactions. However,

the presence of surface defects or impurities could also facilitate the reduction of the

supported Ni2+ ions. A FTIR and UV-visible study of the adsorption of these ions on

crystallized silica, as well as a fine chemical analysis of the silica, could bring answers

to this question.

High dispersion and activity were observed for the supported Ni-Ag catalysts

obtained by precipitation-reduction method. That was allotted to the existence of
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bimetallic crystallites in which nickel would wet the silver. A more complete physico­

chemical study (XRD, STEM, magnetism, XPS, UV-visible, Raman) should inform us

on the structure of these metal partic1es. Further, a FTIR and UV-visible study of the

competitive adsorption ofNi2+and Ag+ ions on the silica would give useful information

on the mechanism of formation of the bimetallic Ni-Ag aggregates.

The results of the hydrogen storage study on the catalysts supported on activated

carbon are very interesting because they showed the possibility of carrying out the

storage with inexpensive materials compared to the synthetic carbon nanotubes or

nanofibres. Let us note, however, that this study was led to relatively low pressures (10

bars 30 bars) compared with that reported in the literature (>100 bars). Our study will

have thus to be extended to the highest pressures for confirmation of the results and

phenomena highlighted. It will also be necessary to explore the influence of parameters

such as the porosity or the metal nature which were not examined here.

CONCLUSIONS GENERALES ET PERSPECTIVES

En conclusions, l'objectif de cette étude qui était de modifier la structure

électronique du nickel en jouant sur certains facteurs (méthode de préparation, nature du

support, ajout métallique) a été atteint et démontré. D'un point de vue pratique, il est

important de souligner que, moyennant certaines conditions opératoires et pour

certaines compositions chimiques (Ni-Ag) ou pour certain support (charbon actif), nous

pouvons préparer des catalyseurs au nickel (métal commun) avec des performances

voisines de celles des catalyseurs au platine (métal noble). D'un point de vue

fondamental, une bonne corrélation a été établie entre les performances observées pour

ces catalyseurs et les mécanismes de réduction des ions Ni2+ supportés. Les interactions

métal-support qui, pour l'essentiel, gouvernent les propriétés de surface et

hydrogénantes du matériau final, ont été mises en évidence par diverses méthodes: H2­

TPR, Hr TPD, FTIR. Les mécanismes réactionnels d'hydrogénation, les interactions

molécule (benzène ou hydrogène)-solide ou l'effet «spillover» de l'hydrogène influent

fortement sur les performances catalytiques. L'étude particulière de l'interaction

hydrogène-catalyseur montre que le charbon actif, dopé par le nickel, est un bon

candidat comme matériau de stockage de l'hydrogène. Le moteur de ce stockage serait

aussi le « spillover » de l'hydrogène.

280



CHAPTERIX

Ce travail soulève quelques questions et ouvre des perspectives de recherches

ultérieures. Nous en évoquerons trois.

Nous avons attribué la très grande réductibilité du nickel lorsque le support est la

silice cristallisée à l'absence d'interactions fortes métal-support. Toutefois, la présence

de défauts superficiels ou d'impuretés pourrait aussi faciliter la réduction des ions Ni2
+

supportés. Une étude FTIR et UV-visible de l'adsorption de ces ions sur la silice

considérée, de même qu'une analyse chimique fine pourraient apporter des réponses à la

question posée.

Dispersion et activité sont fortes pour les catalyseurs Ni-Ag supportés obtenus

par précipitation-réduction. Cela a été attribué à l'existence de cristallites bimétalliques

dans lesquelles le nickel mouillerait l'argent. Une étude plus complète (DRX, STEM,

magnétisme, XPS, UV-visible, Raman) devrait nous éclairer sur la structure de ces

particules métalliques. Une étude FTIR et UV-visible de l'adsorption compétitive des

ions Ni2+ et Ag+ sur la silice nous donnerait des indications sur le mécanisme de

formation des agrégats bimétalliques Ni-Ag.

Les résultats de l'étude du stockage de l'hydrogène sur catalyseurs supportés sur

charbon actif sont des plus intéressants car ils montrent la possibilité de réaliser

l'opération avec des matériaux peu coûteux par rapport aux nanotubes ou nanofibres

synthétiques. Notons, toutefois, que cette étude a été conduite à des pressions

relativement faibles (l0 bars- 30 bars) comparées à celles rapportées dans la littérature

(> 100 bars). Notre étude devra donc être étendue aux plus hautes pressions pour

confirmation des résultats et phénomènes mis en évidence. Il faudra aussi explorer les

paramètres porosité et nature du métal qui n'ont pas été examinés ici.
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Ni-Ce intermetallic pha es in CeOrsupported nickel "ltalysts
synth sjzed by )'-radiolysi~

s. ChCllibi ,l, R, WojcicSLak h, E.H, BoudjennaJ ", J, Bellol i ".
M,M, Bettnhnr h, N, Keghouchc ,1:':

11I/~lr"'(ltn \III ffl):T',.1Hl"Ç\ {" /)(}{I/({.\. If/il rn; " MUII"lIlï rf/m,atttme' NII/(/(' IJI ill Il /ln. _''i / /lJ COin/Ulam.' \1-":;'"1/0

"/t.llltlfllp;J, (1'( (Hol\'\" Ilf~"J'{J.\·.4I1' (HN 1."','. t Ili1.ni,,'III"I"; J'j'OIIHn :\,Itl, 1 \.J'fl/~ \1I11f/lll/tl/' 1. \ VUlil t I;,m"

'L.,/ltH,ilr"H ,it (hwu/' 1\11 \/I/U, f ,H'" (\N.\/l../'S SU(NJ. f.L},.'>'!. f mll','I/(; IJj/I;~.'t,d Ill;!. J.{fJ. 'i/105 0"0".: IlillIlC

rhi ... \J,'urh culll'Crll" Ll1c .. ludy (JI t\Ickt'l ~lll',ll:l'" "Ylltl1('\I/Cd IIY radl~Hlull-i!hll1'.:l'd rcL!u.:IIClll pl' \..;j" Illlh 1l11.... 101l',!Y :11 l ...or hl,.;d ()Il Cl'll.1 h~ HlIllC

~~llla"lll III Illl aim IOle" ,IICI r !,l',I"rIllClllcl III CoLlai yIle Il) ""O~~II,jIICli' 'Ille IIi.;i-el C,lIa 1\' '1 ami ( ":0_ "'l'pOil \\ c'rç 'lm rac IcrilL'd 11\ ~ I,~,I ,'<)11 plc.1
tll X "":dy,i',, RD. H-iLd'''rpll'''' "",1 H-TPD. Tlle c:ll:!i)',' p,cl''1leLi hl' iITddl.lllnlll'rl.'l'IlI' hlglll'li.lllnhLiLly. di'pU'ioll ,Inti 1L<'"I(lgc'1l'il~ ,'l'lil
L1llt<lII'I1,l'C. Il i, ,hCl\\ Il Il,ullhe ClU, 'lIppoll '"lL~', Ilyùrol'cn liuring 11l~ L'L<lIolylir redlillin" ni \, Il li", '"ld 11131 Ih~ .ld'I'rhld h) drogcII """'lInl
~lnll1~l) 11\1,':1>::;\, c: in lh~ prv"'clll.: ... 01' 11Id,cl The (~11JI\, ... t lh r1.1Y" Îligh L.llahlll' p~'l'rnrrn.1I1le ill 11lt' bCll/.l'lll' hvdHJt!L'It,lflOIl I\.';luicm ~\\'l;ll

~'Ofl\{'l"h)n in ~I I.lr~~ ..Inti ln\\ l~lIlrt,'1ïHIII"l:: rallç.'). 'hL" prof'CrtiL'''' :ln:: :h ... i,glh.:d (p th' Ili~h ùl"'I"c,,·r....;I\)1l ul' nil:~d ;IIJII to 11u: I.H·fllllntr.:r I"olt' nI 1hl.'
"1J'1"Il': .1([1I111Iy. ,llill 11o~ l;ual)'11l I~q, II11l11l1l'I,t1lil' lridl'I CCliLICl1lLlIllPOllilll, t( \;,,\, ~II"I Cc \:'. 1.11.' d"ll' Il'd 111111" ',Llnpk ill ~"JclLl" IItolile :'\1'
pha '.

20():'i , 1,,''. ICi Il.V .\11 ngl1h !":-<TWc!.

.1. Inll'()llucliOIl

• ':n\O~i7l'd p"rticics arc cXicII,i'.. ely ,tuuil'd beC"II'C of Ihclr

1.lr)!.c Potl'lltial appllC<ll1un" ; tlcr ill ulir~l-di\'iucu ,tal\.' h",

indccd 'llCcilic propcn ie, UUC lU Ih 4u",i ~IIUl\lic ,Ialc ll,~ l,
Th' aJ.!gn.;g;jl '''' or ~I fe'-'v atonl~ arc ITlLH.:11 Illore L~{I~i]y oxiLJii'.cd

Ilia" llie hlll 111 'lai allu (';111 he enrroc!eu a, ,O(ln J, Ihe~ arl

lùrnll'u. This 'P"TiliL- rropcny illlprnvc, Ihc aclivily nr 'Illaii
lIIe13 1 pmticlc' hui al", 1ll,I~c" their 'tahilil.'llioll Illon: uil'lll'Ldl.
r-.;on-I1(,hk I1lctal ,uch Jo; nl(J...~I. '-'L'Opo' dncl imn :ln: liUmure

c!illiLilII tl1,111 l10ble Illclah ln hl 'Y 1I111esi7cd :11 tll" ~toillic or
olis.Ollleril IOICS 1,\,.Jl.l\l'lcl-riJe'Ic:". Lli'!-.lln:lllup:lrticlcs \Vl'I'c'
prpduccc! u,in1-: differe'nt nlcliJods ,uch ~l\: chl~lllic:l1 l'cliuclion
\Vilh hydlnine ur akoJlOJ in \\;ller -;nluliun 14-61, cle'ctro­
ciu.'llIlcal reJucllnl1 171, sOIlOCIiCillicdi Illclliod I~I, IIIICroCIIIUI­

,ion Icclll1iljuC l':JI 1.'1' ,ni gl'l illellwd 11111. i\, :Ill ~LIICJïlalive

\Id)', thç 1':"liol,,'is li .. " hCI'n pwvcn ln hc a pLlwcrlul [lllli III

('UfIV"PltlHllHt: 111111\11 T4.'1 -l ",1,\[ (d ..J(, 11 LI\:"f" 'j, "'1 hlU, 1 ~

r rHml tIlM,,-\\: )1;\""'1101 1,I'glh'w Ih'(r' ·'u:III):1I1 "!l11l 11\. Kt·~..dlPllllh'l.

ItlJ2(l~O: 'tlll 'L'L' fJllnl IU,H[l'! l 200." ri ...''. ln n \' \Jlli~·IIl ... I~:"'l'I,~·d.

d,,;: 111.1<111'1/1 ,,,l'',.I.~(H)~,I I.IJ5S

procluce di'per,eu ail J IlHlI)(l,i/Cd IIlela[ cltl\lcr, III. l,mg
irr"cJialiol1. ni '1o.~1 p.1l1i,'Ic. lia\(' bCl'll 'ynlltcsi/c J ill thc

clliloic!ai 1<llc [li lIr 'lJpponcd on cv-allllnilJ:t I.IIJ. The
racliatiull-ill Il'''t:d Icdlh:li(lIi Ill' IllC t:l [ iOIl\ i.' ;Illlic'\cd by
'Ob',lIlci dcclroll~ :llId rcducll\g r,,,11 ':1" )!l'ncr:lrc:d l'rom 1.1L'

sllhTll1 ,mu hy dCCII'l/l' ,~~ncratcd l'Will lit: "'rpllli hlJlh

h<l~lllg J 'Iron", rCdlllill~ p,mCl' 1111·
Thc 'lIppllll 'l'Ii.l, ,\ ,I,tillc nUlIlik IVpt: oxidc, h"s ht't'Il

eXltll,il'cly sludi,'d ht:l':III,è lIr ils illlen"ling r~dll'( :Illd high

cJl.'pcl,j,·C prllj.1l'1'IIC' 112-1-11. l'ni" i ;lhle t,) dl,III~t.: ICI cr,ihl~

t'rolll Cc'" ullekr oxidi7ill~ 'llndilü,n. III ('çlll limier rcuUling
cOllditions. Oxy~çl\ aWlll' III CcO~ unit, .m: 'CI)' lllobile ancl

k;l\'c c<l~i1y Ihe: ceri" 1,lllln:, giving risc Ill" l:lIg,c ':lI'Icl,· or
Ilon-'ioicliil't1lCrl ic "'(Ill.', Il ililll1' IW"llIllllini! ClSC. C 'Oè ,mcl
('l',O, Il.'1. CCI'i" has ;111 in,ul:lwr bL'iI;J\'i"r in tlh' q"ichill­
Illclric lI,idi/l'd ~llIlc ( l'O, ;Lncl hl:("'I1C' COlldUl'lor III tilt
rçuuccu ,t:.Lll' Cc'() , ,,;LL'ljllillllg'l grc,iI L':lp"cilv III .,II,rc ,111<110

C:IIT) Ll:\~1!L'n. Il ll'a.', 'llIui<.'d III p:lrtll'ul::r ill 11lL' Jill) III bl;' Uwd

i" th.:: ~utolllObllc Cllll""l11 (I)IHI'C;! ')',[1'111 Il t 1:'1,
CCI'IUIlI,I""t:d c;1I.11) ,h Clllll.lIlllllg Il;)lhi11111l lllt'IJI- 1'.1 l'l'

;rttr;lcteu illt.:1 '.' 11l)!1) ,illc'Jllinli III l' ',t:III Icar,' duc t(\ 1111:11'
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Kill-clll.lllOI1.1lllck, \'."1'1\' (ll>lailleu hy Ihe l 'dlle'lit'Jl illllldlMill" ,'qllell'" IlIt'ui" lit 'lIc~cl '1l:el,lle Cl':1 PI.:,'III\<11 'lIpp"'lt'" "Il "cli\~ld calbllil
ni Iligil 'ud<lcc arl'a, CJa"il.d <:al:d\''i' l 'illg 1l1,~d ,ILTI:I 'or lIitnilc \\\:Ir pr':l1arcd lor 'LI'"I'.l,'i~,,,,,. Tilt, cillalt"1 V.,'le', h:',' e' '1IICd l,y
ph'·'I,oll'tlllll. lJ 1-11'1<. l-l2-:lU'OrplJ<'II, TPl" Tf:;JI,I. 'lIId XRD. und Ic'ln! III 111C ~," pila'L' hydnl~clJaliilU (Il hl'1I7i'1lt'. H.,'Ural'll" GU,III", \\L'r,'
IOlllld lllucill1l(lrl' ~dJ\'l' III hcll/élle hYUI'I~CI Jlioll Illail Lon "I.llllllhilg ci,,,,,cally prt'par'd c:Il,th h. R 'llIar~al>ly, 11I,'il Il'al'li\ 'II' ""'"I1J1:lrahk
IIlIrI1 Ll\èll'l'qllcncy nt Il 201.11 1.I,:~1LJ ,-1 :II ,N3 Ki tllll1:11 01 Pt 'la"'Gd l'll,·d, ,l' 'upp'''I",j 1111 :1('\i',IICd car110ll inllK' '<Illll' "(lilduioll'.
~., Il\cllce j, l1il'~11 1\1' thl' ni,l~llc~ nI' Ihc h)dl'll~ell '!l,llll"n ('tl~l'l 111 b,'117l'I1C h)dru~('Il~II(III, nlll ll'pOrt '<1 Ild"'ll' illllll' illl'ra,,',,' ii, a' "ull ('1'
llil' hyllll'!::CII ,pilln\c'Icll,'l'!. Glf,tI)'", p'rfl1r1f1' IIC'l:' 'an he' l'\piaillctI b).1 CtlIl1hlllalll1l1 ni ,ull.kC I11l'l,tI "lnll1l '<Icl1\'ity Illcla "lJPP'lIl illll'l:lclioll
'1Il'J1~II1, and '1)(;(IIIC 'lIrfJcc i,rl:.I cXlcn\. \ia;odllllllll cllal i, nb\l'I'\'cu IIllilllyti1a7.illc pre'pilrillll.lIIllll'lllll(1. fur l',;, :-"1l'1l1l\~llt ,,"11 '"c~CI.ICCI.llc

il a prccur,,,r, LI .\1K'c!cLlly, il l':iI' al"l iO""U Ih~1 h\ drallilc prepilralioll illclca'e' III~ 'pCl illl' ,Ih',1 \,111Il' cnl:Jl\ 'l'
:, ~(Kl[' t:h"I'I<:1 IIIL !\111l~ilb lé' 'I,~ti.

J. Illlrodudion

T/lc i1ui\it)' i1ml 'L:kl'livily of 'lipporlcd lllel;]1 calal)"I' <I,e

,tlongl" inlllll.:llced by tlle <J11101lnt ()l TIlt:lnl. thc sil.c of dl\­

Pl'C eù 111 l,II pilrlKh,"" l/ll' prep:lr:lliull I\lelhod, :tlld tht 'lIp­

pLHt CUl\lPO,ilillll Il,21 'Iii impn1\c' tllc c<I"IIvèl 'Kti'it)' :Il1Ù

il" dUI<lI'ilily, il i, Iltcl'''ary lu nbldill il \\ell-di'pn'cd "clilt'

[111.1 t: in 1111' catahstlJAI, 1hc cllcmie:!l 'Ill" 'ie, plc,cm (l11 tilt'

calri"1 IIlla"c inkracl. mtlTC or e<;" \\ illl the 111cl;11 rarticle,

Llcpo"ilt:\J tll<'ICOi!. The ll1elnl-,uPpOII illler~lelie)J) !t'vIS!) i, U'lI­

ally ,tron)!t'r \\'lléll the Inct:rI panicl '~ :He "nwlkr Il. For Ille

C~II rit'I' employer! in incluSlri;]1 catal) si" the inlt'n~it) ul ~1S1

r1cnea,c, 1'1' Illl :t111lllina ln slliea 10 aClivc carJJl1I1 151, ln the

c:"'~ of lri.!,!lll) di,pcl,ed rmlleri:ils, Ihl;' C\t:1l1i'C' in the c:ariil)'tic

:lcill'it)' 11ère rcl:lled 10 the c~lInbil1ed crkl'l. of paniclc ,i/C,
'ullacc ,'(ll'l'rage "'llh adsllrbcd '[1ccies. and acll l' site dnllcil'
,illll [(11,

('orrt,."polldim! .ILllhol.

r mlllï tldd/<,_\\: Jill .h.lIl1J1h..',1 ~·II-lfl.lIl!II"-·;11i Iillp 1I.HIl."y Ir 1 r \1 rll'II.1h:trL

UH2 l)J'J7! - ~c' ln 1H nl.Hll'r ..'!nOh H...e\'lt:r (nL \1 1i:II1l''' It="'t'J \1;..1
d", 1(1 10 nlJ l' 211111' III Iir,7

COlll'èllliollal 'lipporlLcI nll'ral C:llUh:-l, arc prc'p:lrt'd I.y in

,jlU Icdlletion of metal "III HI1\\C\er. i is oflcn dil1lLull III

c\)nlml tllc nllllpllillogy or IIIC tinal llIalni:d, The ,'ol\lrul ni

metal panic'I(' IL,1l10,i/e: l' 01' llic 1111110,1 Illlfltlrlilr1t'l' ICII III,~

p"hlllnan l' 1'1' "IIV Illdu Irial calaly'l ha,,,d ln 'UPI1\lrted 1I1l'"
.11,. Tilt' \\,11111,' 1" 01'111' IlIct:!1 Ilal1of1arllcle, 01 IIllilnlln ,1l~'I1t'

and l1igll pllrirv Il:1., Il'~èl\','d con,idl'lahlc alll'IHioll in Ih' [1<1'1

111'0 dcc<lde, duc III II1~ir lllll"uai plllJwrlll" C(\1I1p~,r il Il) 1"iI"
I1Iclal171

Tlle 1l1elal n,llIop:lJliclè' :Il'l' g '11C1ally l'n,duL'ed l.1y the rc­

c111eriol1 ot melal ':01111'''111111" Thc 1I11ll1l1n of [lIOl 'dUI,' i,

rairly lar),:c, for l'\:II11pk pl1ol0ly lic l'eclUdioll IXI, r..llliol, tiL' r~­

dUCli,," [\)1, ,,>lI'clil '\l':ILlillll leUlIl'lion 1]111, IlllU'Ul'llIUhl\ Il

'erllJliqllc [III. ~i1u'll(Il l.:lIurlir Il 1121, ch lllll';i1 redllcri,," ill

aqlleoll~ [1 ~l and nOIl:lqlleoll' II-tl 1I1~lIia hy Itydl:llillt:, 111­

cll·'1/.iIIC i,;, plll\t:rlui 'Inlll!! rcduL:l:lill \\idl'ly 'l'cd 11\ 1:lllilliS

cllcll1ie<llllpcr:lliom ;\ ,,'Ile'> (.1 ,trlkln~! Il:,ulh 1t~l\e ne 'Il l,Il
tain 'cl \l'helc h)c1razinc i, u,ell ,1'> ,11\'L1l1cin:' a~cllt lm llll' ['11'­

durt ion of tillel)' dil i,!L'L1 111el:ll Il ='. 1Ci 1 Dc~:tn ,llId rvlaL'ck Il'7)
llsnl l1)dr~l/illc :" " ,,'dUCllll: ilgelll lU prl'p",e nidel pc.l\\dcr,

in tlllê ,"bIlIlCJ"lnCler ,i/c' !.'ll),:\' fl(lll1lJl111:lqllcO l' ~lI111110fl' 01
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on am rphou' activatcd carbon
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l'r<lgr.ll1llll '<1 de'sorplilll Il "a· ,11"\\11 Ih.lllhe l'alal~,t coulcl ,IUle signlfie'lll[ dl1lPllllh '" h"lll.lgCI1.t1 wnlll itllll'cl·<Il1lr.: and hi)!il
PI'C"UI<' (111 1(\ O... \" :11 1() ha"" "p,lill" 0.1 ,,1'01' Ihe aeli\,lléO carbon). Various !bu"r, IIII1UI:llei 1'-'. Ille k\d (lI' il\JIO)! 'Il IlIll.,~c

".:, . e,"l!11illéd alld di''':II<>éd. 11I~ ilydI0g"!l ,['dlover wnuld he tl1" ch i\ In~ ',",rce 1,,1' the il\'drot'e'll slorage. 111(\ Inecll.tllisms ,,1'
hVLIlugen upl.l~e :Ire pr'll'oscd.
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1. Introduction

Il)drogcn slOrag~ has altl'acl~ 1 c:ol1sidc;rablc :111':11­

li')1l b 'Caus" of il~ polclltial arr1it.:(lliull in high
energy,tknsi y rcchargedblc batteries and hydrogl.'n­
ro\el'l"ed vehicl', '1 'J. IJI 'cc~nl )<:al·s. Ih,'I" h;" 1)L'en
t.:ol1'ider:lble t'\Jl~I-jIl1t.:l\l:l1 ;11lC1 lhèun.:lical jllleTl'SI in
Ihe LIS' ul' n;mo-structurl·J t.:(trbol! l1laleri:lls. c'pct.:ially
in the I"eliïl) 01' tubc·.... 4 7J hbcI' ~,SlJ alld mcch:11lically
millLd graphile :1(] as pOlel1ü,iI hyJrogl'll 'i,nbe'lllS.
The rl',ults 01" lhl'se ~tlluic, ,IH\\\ I!tJI liigh Hlor"gc l'on'
c:enlr·"uons e\I" hydrngcn '.ln be' "chic\ 'do IIO\\·C\J:I·.
el:litll' or h~Llrog ...n slorage c~lr.tciIY hlgho::r Ihan Ihe
U" f)e:pclrtlllèlll 01' ['n 'Ii~. of" 6.5'"" I>~ \\e'iglil Il,Iw nol
hel:n l'cprl~ducihle by olha gr\\ups lï, III. 011 Illl' olh 'r
11;lnd.•111 ImpOrtanl k;lIUI'C ni' the' h)urogèn ~tl) ,lgC is

('r'11~'I)!1I1dlllg'111111l'r ï~l .. ~J~\\(·~-N-l~·I;L\· 1,1 ,\l(li)ll,

~.\I .1\".

J Ullal ftl,lu \.,' l\hl ',IIlI11h..'d tk·tl~lh.1I 14 !L\h.ulip Il.11IL.\ rr 1M.M.

n l!ah,lIl.

[,-(,()- J671\ - "L" l"llllH 111,IP,.:r ~Ol'I:, LI ...... , l."f B.\' ·\llll~hh !\.:"LI\cd.

dl\l:\l ItHfll 1.::IlL{',n ~nl" 11711111

Ih' U:-~ of" lr,tn~ilillll 1ttt.:1.i1... 1h:. CO. 1 i. Cn) in the: '~Il­

Ilwsis llr the C:ldWIl:lCcOll' tl1;1tcria!'i \\ liiLh. in "dditielil.
e;IIII1\)1 b~ t.:()lllpic'Ie·iy l'cTllovcd durinh! lile purihnlllPIl
proccss ri:: 1·

Th~ n:ltu '0;: cd' Ihe f""cll)rS lh.,! intltC:llt.:é tht: IL\~I Ill'

!tydrogcn ~lor,l~t' i, '1111 dispuled 111 Iht' C,ht' or c;lrht1!l
liCillolibel s, it li", he:en sugg"',IClilh:lt Ihe' prt: ...~ ll',' (\1 J\.:­
l' t:t il Ih' slillilt:è ,lrUt'lurc 111<1) Ji'Ol'ial~ il\Jrog.e'll.
\\llich Ihen inlert:.rI.llc~ in th" gl.lphe·lll· phtn'~ r 2 l-li.
The pre-II't:<lII11CIII in nl'lllr:ll. l'\idati\c nr lcdut"li\'è
,llmo,pIH:r~ IlhlY 111"ellr) the ,LrUt"llll',11 propl"lliç, ,,1
the cc1dwn 1l1,lklitl ill 111:1n\ \\.1, 'i: Pillili'::'lli III h\"
ren10\'''' c'( Ih... ads",hcd spc~ic'" .15~. (Jpel1I11~ of" the
carhon ,1I11~tIlIC 1(" il)l'I~'I,,·<1 O!f,lpltitl/illioll ! 17
'lcti\",tlioll or llll' '(llid 121. ('hdng~s \\cre abo \ln'ierved
in thc édrbun 1ll,lll'liri SInIL[llr~ :Iflel e.\110~Ule lo 1 iglt­

rl,""'lll~ hydlOgcn IX, ,\. Cl re'L1ll. the structur,rll1Jod
ifi.t"<lli\)lb mJIIU,: important dLll1g<:, in Ihe h\ell\'!,:"11
,IOl"d!!l' (,f thé mal,ri;l' tre,lIc'd -12.1~ 171. ll'l;d, lI:ed

;JS èCnalysl' tor he pr,'p,lr,1tIOn 01' carbon,lCc()u, 111.1r,,1'1
<lI, l'or h)dl )g"ell ,h,r:lgl" 111'1) 1'\;1) ,1 '"le 11\ Ihe h~di\lil"'l1
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ABSTRACT

Nous avons étudié des nanoparticles de Ni ou de NiAg obtenus par la réduction de sels de
nickel (acétate ou nitrate) par l'hydrazine et déposés par imprégnation simple ou EDTA-double sur
de divers supports (y-Ah03, Si02 amorphe ou cristallisé, Nb20s, Ce02 et carbone). Des catalyseurs
préparés ont été caractérisés par différentes méthodes (DRX, XPS, adsorption et désorption de N2 à,
basse température, FTIR, TEM, STEM, EDS, H2-TPR, H2-adsorption, H2-TPD, décomposition
isopropanol) et examinés dans l'hydrogénation du benzène en phase gazeuse ou comme matériaux
de carbone dans le stockage d'hydrogène à la température ambiantelhaute pression.

Les catalyseurs préparés ont montrés une meilleure dispersion et activité que les catalyseurs
classiques. Les TOF des catalyseurs de NiAg/Si02 ou de Ni/carbon ét,lÏent semblables aux
catalyseurs de platine dans l'hydrogénation de benzène. Différences dans l'acidité de support ou la
méthode de préparation et présence d'Ag connne métal additif jeu un rôle crucial dans la réduction
chimique de Ni par l'hydrazine et dans les propriétés finales des matériaux. Les catalyseurs de
Ni/carbon pourraient stocker des quantités significatives d'hydrogène à la température ambiante et à
haute pression (0.53%/30 barre), probablement par l'effet de spillover d'hydrogène.

ABSTRACT

We have studied Ni or NiAg nanoparticles obtained by the reduction of nickel salts (acetate
or nitrate) by hydrazine and deposited by simple or EDTA-double impregnation on various supports
(y-Ah03, amorphous or crystallized Si02, Nb20 s, Ce02 and carbon). Prepared catalysts were
characterized by different methods (XRD, XPS, low temperature adsorption and desorption of N2,
FTIR, TEM, STEM, EDS, H2-TPR, H2-adsorption, H2-TPD, isopropanol decomposition) and tested
in the gas phase hydrogenation of benzene or as carbon materials iti the hydrogen storage at room
temperature/high pressure.

The catalysts prepared exhibited better dispersion and activity than classical catalysts.
TOF's of NiAg/Si02 or Ni/carbon catalysts were similar to Pt catalysts in benzene hydrogenation.
Differences in support acidity or preparation ;method and presence of Ag as metal additive play a
crucial role in the chemical reduction ofNi by hydrazine and in the final properties of the materials.
Ni/carbon catalysts could store significant amounts of hydrogen at room temperature and high
pressure (0.53%/30 bars), probably through the hydrogen spillover effect.
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