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Abstract 

 

The physical and chemical properties of metal nanoparticles depend mostly on their 

size and shape. Therefore, it is very important to develop synthetic routes that give 

non-agglomerated, well-controlled size and shape with a narrow size distribution. 

Many researchers have successfully produced small Pt particles with different shapes; 

however, they still remain in the colloidal state which can only be stable for a limited 

time. A new technique to deposit small nanoparticles synthesized in reverse micellar 

microemulsions onto support material without agglomeration, namely thermal-

destabilization of microemulsions, is presented in this study. The microemulsion 

components in the first attempt are Triton X-100, pentanol, cyclohexane, and either 

H2PtCl6 or N2H4 in the water phase. Characterization included ICP, SEM, TEM, IR, 

XRD, UV spectrophotometry and Zeta Potential measurement. The hydrogenation of 

α-methyl styrene and methyl chrotonate served as catalytic testing reactions  

When using the N2H4 as the reductant, the multifaceted Pt crystals, mostly truncated 

octahedron, were produced at room temperature with an average size of 2.5 nm and a 

narrow size distribution. After deposition, the Pt crystals were found to be well 

dispersed on the support with an average size of 2.5 nm. After testing with 

hydrogenation of α-methyl styrene, the Pt-catalyst showed higher activity (6 times 

higher) than commercial ones. The performance of the catalyst is optimized by keeping 

the small size but changing the shape of Pt nanocrystals to anisotropic structure by 

means of a weaker reducing agent such as ascorbic acid. The catalyst activity is further 

improved by changing the metal precursor to K2PtCl4. We found that our catalysts are 

3-4 times more active than those we prepared with N2H4 as the reductant. 

The parameters that significantly influence the activity of the produced catalysts are 

the heating rate during thermal destabilization process, molar ratio of water to 

surfactant (ω), initial molar ratio metal to reducing agent, growing time, zeta potentials 

of the particles, pretreatment of the support, and calcinations temperature. Preparation 

of other supported metal nanoparticles such as Pd, Ru and Ag catalysts are also studied 

to elucidate the recipe. Testing the produced Ru and Pt catalysts with a challeging 

reaction such as hydrogenation of levulinic acid shows that their conversions are better 

(~20%) than those are prepared by other researchers even with milder reaction 

condition. The insignificant difference of activity (< 1%) of produced catalyst from 

different batches indicates that this method is adaptable and reproducible. 
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Kurzfassung 

 

Die physikalischen und chemischen Eigenschaften von Metall-Nanopartikeln werden 

stark durch ihre Größe und Form bestimmt. Daher ist es wichtig, Syntheserouten zu 

entwickeln, die eine Herstellung von nicht agglomerierten Nanopartikeln mit gut 

kontrollierbaren Größen und Formen erlauben. Viele Forscher haben erfolgreich 

Platin-Nanopartikel mit verschiedenen Größen erzeugt, die nach der Synthese 

weiterhin in kolloidalen Dispersionen vorliegen, die nicht dauerhaft stabil sind. Eine 

neue Technik, die die Herstellung und Abscheidung von Platin-Nanopartikeln auf 

Trägermaterialien aus w/o-Mikroemulsionen ohne deren Agglomeration erlaubt, ist 

Gegenstand dieser Arbeit. Dafür wurde eine Auswahl der Tenside und Lösungsmittel 

zur Herstellung der Mikroemulsionen vorgenommen. Die erzeugten Partikel wurden 

mit Hilfe von ICP, SEM, TEM, XRD und UV-Spektroskopie und 

Zetapotenzialmessungen charakterisiert. Die katalytischen Eigenschaften wurden 

durch die Hydrierungen von α-Methylstyrol und Methylcrotonat getestet. 

Vielfach facettierte Platin-Kristallite, häufig abgeflachte Octaeder, wurden bei 

Raumtemperatur in inversen Mizellen mit mittleren Durchmessern von 2,5 

Nanometern bei enger Partikelgrößenverteilung hergestellt. Diese Partikel konnten 

ohne Agglomeration auf Trägermaterialien abgeschieden werden. In der Hydrierung 

von α-Methylstyrol zeigen die Katalysatoren ein höhere Aktivität als kommerzielle 

Katalysatoren. Durch den Einsatz von Ascorbinsäure als Reduktionsmittel wurden 

Partikel gleicher Größer aber mit anisotroper Form erzeugt, die eine noch höhere 

Aktivität zeigen. Eine weitere Aktivitätssteigerung wurde durch den Wechsel des 

Platin-Precursors von H2PtCl6 zu K2PtCl4 erreicht. 

Die Syntheseparameter, die die Aktivität der resultierenden Katalysatoren beeinflussen, 

sind die Heizrate während des Abscheideprozesses, die Größe der inversen Mizellen, 

das stöchiometrische Verhältnis von Metali Precursor zu Reduktionsmittel, das 

Zetapotenzial und die Vorbehandlung des Trägermaterials sowie die 

Kalziniertemperatur. Die Übertragung der Präparationsmethode auf die Herstellung 

von Palladium-, Ruthenium und Silber-Nanopartikel zeigte vergleichbare Ergebnisse 

und dieselben Abhängigkeiten. Ein Test der so hergestellten Ruthenium-Katalysatoren 

in einer schwierigen Reaktion wie der Hydrierung von Levulinsäure zeigte deutlich 

bessere Ergebnisse als mit anderen Katalysatoren bislang erreicht wurden. Dabei zeigt 

sich eine gute Übertragbarkeit und Reproduzierbarkeit der entwickelten 

Synthesestrategie auf andere Metalle. 
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Chapter 1  

Introduction 
 

 

The progressive development in industrial sectors constrains industries to improve 

their processes. Because many industrial processes are depending on catalysis, any 

progress in catalyst design can give significant benefits to society. Great efforts of 

researchers in industries and academic institutions have been made continually either in 

finding new strategies or in improving methods to upgrade catalyst performance. A 

new and improved catalyst can be a great advantage to industry for a competitive 

manufacturing cost and thus can be the key to industrial success.  

In carrying out industrial catalyst research and development, nanotechnology has 

significant influence on the utilized tools. It can be said that catalysis is the largest 

application of nanotechnology because a major aspect of catalyst optimization is  

optimizing the usage of active precious nanomaterials.1 Since the invention of the 

scanning tunneling microscope (STM) in 1981 and the discovery of the atomic force 

microscope (AFM) in 1986,2 nanomaterial applications in various fields are developing 

rapidly. The technique of STM has revolutionised the understanding of surface 

chemistry, due to its ability to image at the atomic and molecular scale. Taking 

advantage of the development in nanotechnology, a wide range of nanoparticles 

synthesis have been developed. The control of surface structure and chemical reactivity 

at the nanometer length scale is paramount in catalysis research and engineering.  

Metal nanoparticles are used as catalysts in many industrial reactions, from refining 

chemicals to producing polymers, pharmaceutical and biofuels. How well these metal 

nanoparticles perform as catalysts in the reactions depend on many aspects. In general, 
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catalyst performance is sensitive to particle size because the surface structure and 

electronic properties can change greatly in this size range. Particles ranging in size 

from roughly 1 to 50 nm exhibit physical and chemical properties that are intermediate 

between those of the smallest element such as a metal atom and those of the bulk 

material.3  

Nanomaterials are more effective than conventional catalysts because their extremely 

small size yields an extremely large surface area-to-volume ratio and their properties 

are not found for their macroscopic counterparts. These two reasons account for the 

usefulness and effectiveness of nanocatalysts. Catalysts that have higher surface area-to 

volume ratios provide more contact area between the substrate and their active site and 

thus accelerate the chemical reactions. Therefore, many experimental studies on 

nanocatalysts have focused on correlating catalytic activity with particle size. One 

strategy to control the particle size is by stopping the reaction at different growth 

stages. The matter about the particle size control is covered extensively in Chapter 2.  

Controlling the shape of nanocrystals is the-state-of-the-art in nanomaterials research 

especially in catalysis field. During the last decade, researchers discovered that the 

catalyst performance is not only affected by the particle size but also by the particle 

shape. The effects of particle shapes on catalytic performance were first reported by 

Narayanan and El-Sayed.4–7 They found that the percentage of atoms that are located 

at corners and edges relative to the total surface atoms was highest for tetrahedral 

nanocrystals, followed by truncated octahedral and cubic nanocrystals, leading to a 

decrease in the catalytic activity of cubic shapes. However, their study was limited only 

to shapes bound by low-index planes {111} and {100}.  

 

 

 

 

 

 

 

Figure 1.1 Face-centered cubic (fcc) metals with low index facets. 

Top Layer 

2nd Layer 

{100} Plane {110}  Plane {111} Plane 
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Fundamental studies on the single-crystal surfaces of bulk Pt have shown that high-

index planes exhibit much higher catalytic activity than common, stable, low-index 

planes, such as {111} and {100}.8 The reason is because high-index planes have a 

greater density of unsaturated atomic steps, ledges, and kinks which can serve as active 

sites for breaking chemical bonds. Thus, it is reasonable that an increase of high-index 

surfaces with rich corner and edge sites should be the criteria for selection of an 

excellent nanocatalyst. However, the common shapes of face-centered cubic (fcc) metals 

are enclosed by {111} and {100} facets and contain a low percentage of corner and 

edge sites.9 Therefore, controlling the growth of the metal catalyst has opened the 

possibility to optimize the geometry of the particles for enhanced activity.  

 

In relation to the control of particle shape, it is important to recognize that the 

performance of nanocrystals used as catalysts depends strongly on the surface structure 

of the crystal facets. For a pure metal, the surface energy relies on coordination 

numbers of surface atoms as well as their density. Surface energy is defined as the 

surface excess free energy per unit area of a particular crystal facet.10 For a material 

with an isotropic surface energy such as an amorphous solid, total surface energy can 

be lowered simply by decreasing the amount of surface area corresponding to a given 

volume. As a result, the particle shape is a perfectly symmetric sphere.  

 

 

 

 

Figure 1.2 Face-centered cubic (fcc) metals with high index facets. 
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Noble metals adopt a face-centered cubic (fcc) lattice and possess different surface 

energies for different crystal planes. This anisotropy results in stable morphologies 

where free energy is minimized by particles bound by the low-index crystal planes that 

exhibit closest atomic packing.11 The surface energy increases in the order of γ{111} < 

γ{100} < γ{110} < γ{hkl} on a face-centered cubic (fcc) metal, where {hkl} represents 

high-index planes with at least one Miller index larger than 1.12 Generally, high-

energy surfaces have an open surface structure and possess exceptional properties. 

Long term fundamental studies in surface science have shown that Pt high-index 

planes with open surface structure exhibit much higher reactivity than that of (111) or 

(100) low-index planes, because high-index planes have a large density of low-

coordinated atoms situated on steps and kinks, with high reactivity required for high 

catalytic activity. Figure 1.3 shows an illustration of a crystal surface which has terrace, 

kink and step.13  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Illustration of terrace, kink and step in a crystal structure 

 

 

On high-index planes, there exist steric sites that are considered as active sites and 

consist of the combination of several step and terrace atoms. Due to synergistic effect 

between step and terrace atoms, steric sites usually serve as catalytically active 

sites.14,15 Figure 1.4 depicts a model of surface atomic arrangement of fcc metal single-

crystal such as Platinum to illustrate the coordinates of different crystal planes. Three 

vertexes of the triangle represent the three low-index planes i.e., (111), (100), and (110). 
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Among them, the (111) and (100) planes are atomic

surface atoms, whereas the (110) plane is rough with step atoms. The coordi

numbers of top layer atoms on (111), (100), and (110) are 9, 8, and 7, respectively. 

Other planes lying in the sidelines and locating inside the triangle are high

planes. The three sidelines of the triangle represent [011], [110], and [001] 

crystallographic zones, in which the planes exhibit terrace

also called stepped surfaces. To illustrate the terrace

microfacet notation is often introduced to denote the stepped surfaces.

 

Figure 1.4 Unit stereographic triangle of fcc metal single
atomic arrangement (from ref 16

 

 

Because most physical and chemical properties of metal nanoparticles depend on their 

size and shape, it is very important to develop synthetic routes that give non
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reduce the amount of Pt required in processes. 
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Among them, the (111) and (100) planes are atomic-scale flat with closely packed 

surface atoms, whereas the (110) plane is rough with step atoms. The coordi

layer atoms on (111), (100), and (110) are 9, 8, and 7, respectively. 

Other planes lying in the sidelines and locating inside the triangle are high

planes. The three sidelines of the triangle represent [011], [110], and [001] 

ystallographic zones, in which the planes exhibit terrace-step structure and are thus 

also called stepped surfaces. To illustrate the terrace-step structure straightforwardly, a 

microfacet notation is often introduced to denote the stepped surfaces.16

 

Unit stereographic triangle of fcc metal single-crystal and models of surfac
atomic arrangement (from ref 16). 

Because most physical and chemical properties of metal nanoparticles depend on their 

size and shape, it is very important to develop synthetic routes that give non

agglomerated, uniform nanoparticles with a well-controlled size and shape with a 

narrow size distribution.17 The metal that is used to demonstrate 

method in this study (will be described later) is Platinum. Pt nanocrystals are widely 

used and are indispensible catalysts due to their excellent activity and stability.

their unique properties, Platinum clusters are of special interest and are the 

study.18 As Pt is particularly expensive, there is a real incentive to 

reduce the amount of Pt required in processes. To this goal, much research has been 

devoted to size reduction of Pt catalysts so to maximize the surface area.
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devoted to size reduction of Pt catalysts so to maximize the surface area.19  
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Generally, nanoparticles in solution have a strong tendency to form into spherical or 

near spherical polyhedral structures to minimize the total surface energy. Platinum 

adopts the highly symmetrical face-centred-cubic (fcc) crystal structure. The predicted 

thermodynamic equilibrium shape for an fcc nanocrystal is a truncated octahedron 

bound by six {100} and eight {111} planes.20 Therefore, to synthesize metal 

nanocrystals with unspherical or near-spherical polyhedral forms and also with high 

index facets is a challenging work.  

 

There are some factors that can control the shape of nanoparticles during the synthesis 

process such as surfactant, variation of reaction temperature, introduction of seeds or 

foreign species, and reducing agent.20 This phenomenon will be described in more 

detail in Chapter II. In this work, the reducing agent is chosen to be the shape 

controlling factor instead of the surfactant to keep the phase behavior of the 

microemulsion (because changing the type of surfactant results in changes of the phase 

behavior of microemulsions). Shape controlled synthesis of Pt nanocrystals with high-

index facets offers a good approach for creating Pt nanocatalyst materials with much 

higher activities than currently available with commercial Pt catalyst.14  

 

Despite of many researchers having successfully produced Pt particles of small size 

with different shapes, they still remain in the colloidal state which can only be stable for 

a limited time. The catalytic activity may quickly decay due to the growth of 

nanoparticles as the result of particle sintering during reactions, undergo aggregation 

and suffer from poisoning under the reactions conditions, resulting in deactivation and 

loss of catalytic activity.21 In addition, the organic ligands or inorganic capping 

materials which are used to stabilize the nanoparticles during their initial synthesis 

(core–shell-type particle as well as colloids and soluble polymers), may block the access 

of the target molecules to the catalyst surface and therefore severely reduce the 

catalytic activity.  

  

To create more stable catalysts, nanoparticles need to be deposited on support 

materials. In general, it is difficult to preserve the size and shape of nanoparticles and to 

control the dispersion during the deposition process. This is a major challenge when 
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preparing supported catalysts by deposition. The increasing metal dispersion and 

decreasing metal particle size generally results in increasing catalyst activities.  

 

This thesis provides a comprehensive presentation about a new method of synthesis 

active and stable supported metal nanoparticles, namely thermo-destabilization of 

microemulsions. The detail features of this method are described in Chapter IV and V 

which present the published papers of this work. In principle, this method comprises 

two main steps. The first is designing the size and the shape of metal nanoparticles via 

microemulsions and the second is dispersing the prepared nanoparticles on the support 

material. In preparing the catalyst nanoparticles, the core of the micelles is considered 

as a nanoreactor. The size of nanoparticles is controlled by some parameters such as an 

appropriate choice of the water-to-surfactant molar ratio and the concentration of salts 

inside of the water pools. In order to gain a low cost process, we determine the 

surfactant concentration (γ) and oil concentration (α) that can produce nanoparticles at 

room temperature. Although many parameters can be involved in the synthesis process, 

there are some important parameters which are dominantly influence the size and the 

shape, as described in Chapter IV and V. The nanoparticles are transferred onto the 

supports by destabilizing the microemulsions with temperature change. The deposition 

process is optimized in order to well-disperse the nanoparticles on the support 

materials without agglomeration.  

 

The first goal of this study is to find the strategies to prepare an active and stable Pt 

catalyst using thermo-destabilization of microemulsion. The initial approach to obtain 

the active catalyst was decreasing the catalyst particles size (less than 5 nm). Many 

parameters were involved to reach this goal such as finding the microemulsion 

composition that can produce small Pt particles at room temperature (for energy 

saving), support material which can well adsorb the particles, calcinations temperature 

which can hinder sintering effect, etc. After having found the strategy to produce high 

surface area and stable catalysts (in the first goal), the next step was to find a strategy 

to produce particle shapes with higher index facets. So, the second goal is to increase 

the catalyst activity by making the particle shape more irregular which provides high-

index planes. To analyze the sizes and morphologies of Pt nanoparticles, a transmission 

electron microscope is used to image the Pt nanoparticles on these carbon-film-coated 

copper grids. 
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This thesis is divided into seven parts. Chapter I presents a general overview about the 

research work including the background and aim. The explanation about the growth 

mechanism of Platinum will be described extensively in Chapter II. It is interesting 

that the assumption generally made about the specific mechanism through which 

platinum nucleate and start growing is the following: The Pt-(II) or Pt(IV) complexes 

first react with the reducing agent to give isolated Pt(0) atoms. After a while, when a 

critical concentration of Pt(0) atoms is reached, metal clusters start forming at an 

appreciable rate22,23 by aggregation of these atoms. However, Ciacchi et al. claim that 

no direct evidence of the isolated Pt(0) atoms has ever been presented. The presence of 

Pt(0) atoms is generally assumed from the kinetics of the whole reduction process.18 

They suggest that the formation of metal-metal bonds between complexes in oxidation 

states higher than zero is a key step in the nucleation mechanism of colloidal particles 

upon reduction of platinum salt. Chapter II comprises also the fundamental theory of 

nanoparticles synthesis with microemulsions and its recent development together with 

the account of important factors that influence the properties of metal catalyst. 

 

The general experimental part is explained comprehensively in Chapter III. 

Substantially, the main part of this thesis can be found in Chapter IV and V. The 

published paper in those chapters comprises the important results and discussions. 

Chapter VI composes significant additional results that can support the main part of 

this work. It addresses the synthesis of other metal supported catalysts such as Ag, Pd 

and Ru nanoparticles including their performance and characterization thus elucidating 

the synthesis method that is used in this work. The last part, Chapter VII, comprises a 

compact discussion and conclusion concerning all the results including the supporting 

results described in Chapter VI.  
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Chapter 2  

 

Design and synthesis of supported 
metal catalyst 
 

 

 

Interest in synthesis of metal nanoparticles has been growing progressively due to the 

distinctive position of nanomaterials which is between atoms and bulk solids as well as 

their novel properties. The novel properties of a metal nanocrystal are strongly 

determined by their physical parameters include size, shape, composition, and structure. 

In principle, one can design the properties of a metal nanoparticle by controlling any 

one of those parameters. For the application in catalysis field, properly designed of 

nanoparticle as a catalyst (nanocatalyst) should have a good impact to the essential 

attributes such as the activity, stability and selectivity. Therefore, it is crucial to 

understand the fundamental subject in the preparation method of the nanocatalyst.  

Many preparation methods of nanocatalyst have been developed through the liquid 

phase route. The classical chemical synthesis methods are co-precipitation, 

impregnation and deposition-precipitation. Some other novel greener routes include 

precipitation from water-in-oil emulsions, photochemistry, chemical vapor deposition 

and electrochemical reduction.  

The following sub-chapter will describe the synthesis method that is used in this work 

i.e. water-in-oil droplet microemulsion particularly the mechanism of nanoparticle 

formation that takes place during the synthesis process. 
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2.1  Synthesis of metal nanoparticles via water-in-oil droplet 

microemulsion 

Microemulsions are colloidal nano-dispersions of water-in-oil droplets or oil-in-water 

droplets stabilized by surfactant. These thermodynamically stable dispersions can be 

considered as real nanoreactors which can be used to perform chemical reactions to 

synthesize nanomaterials. In principle, different reactants (metal precursor and 

reductant) solubilized in separate microemulsion solutions are allowed to react upon 

mixing.  Through the microemulsion method, new and particular properties of 

nanomaterials can be designed by appropriate control of the synthesis parameters. 

Therefore the microemulsion method is a very flexible technique which allows the 

preparation of a great variety of nanomaterials, just alone or in combination with other 

techniques. However, the precise control of all the parameters which can be varied 

affecting the final particle sizes and shapes is still remaining a challenge.1  

 

2.1.1 Mechanism of nanocrystals formation 

The development of synthetic routes to produce nanocrystals with controlled size, size 

distribution and shape is directly correlated with the ability to control the nucleation 

and growth process.2,3  In a typical synthesis of metal nanocrystals, a precursor 

compound is either decomposed or reduced to generate zero-valent atoms, the building 

blocks of a metal nanocrystal. Depending on the explicit route to atoms, the nucleation 

process might take completely different pathways.  

In the early 50's, LaMer and coworkers proposed a mechanism of nucleation and 

growth for the decomposition route (Figure 2.1).4 The mechanism is based upon an 

extensive study of the solution-phase synthesis of monodisperse sulfur colloids. In the 

context of metal nanocrystal synthesis, the concentration of metal atoms steadily 

increases with time as the precursor is decomposed. Once the concentration of atoms 

reaches a point of supersaturation, the atoms start to aggregate into small clusters such 

as nuclei in homogeneous or heterogeneous nucleation. Once these nuclei are formed, 

they will grow very fast causing the concentration of metal atoms to drop. If the 

concentration of atoms drops quickly below the level of minimum supersaturation, no 

additional nucleation events will occur. With a continuous supply of atoms via ongoing 

precursor decomposition, the nuclei will grow into nanocrystals of increasing size until 
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an equilibrium state is reached between the atoms on the surface of the nanocrystal and 

the atoms in the solution. Besides growth via atomic addition, the nuclei and 

nanocrystals can directly merge into larger objects via agglomeration.

 

Figure 2.1 Plot of atomic concentration against time according to La Mer model for 
the generation of atoms, nucleation, and subsequent growth of colloidal synthesis.
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the atoms in the solution. Besides growth via atomic addition, the nuclei and 

nanocrystals can directly merge into larger objects via agglomeration.6

Plot of atomic concentration against time according to La Mer model for 
the generation of atoms, nucleation, and subsequent growth of colloidal synthesis.

2.1.2 Mechanism of particles formation in microemulsions 

In general, the mechanism of nanoparticle formation occurs in three different steps i.e. 

nucleation, growth by autocatalysis, and growth by ripening.6 In 

system, these steps take place inside the droplets. Having more theories and 

experiments, a number of scientists proposed some other growth mechanisms of 

nanocrystals. Based on some literatures,3,6,7 the mechanism can be divided in

reversible and an irreversible part, as illustrated in Figure 2.

that happens in the reversible part is random collisions and intermolecular forces which 

cause molecules to form and break apart. According to the theory o

nucleation, particle formation is an endothermic process in which molecules that collide 

and stick together tend to fall apart. The key is to cause enough collisions to occur that 

In the irreversible part, cluster grows indefinitely by condensation 
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irreversible part, as illustrated in Figure 2.2.  The process 

that happens in the reversible part is random collisions and intermolecular forces which 

cause molecules to form and break apart. According to the theory of classical 

nucleation, particle formation is an endothermic process in which molecules that collide 

and stick together tend to fall apart. The key is to cause enough collisions to occur that 

In the irreversible part, cluster grows indefinitely by condensation 
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and coagulation until it becomes a particle. In the following a detailed description of 

this mechanism will be provided. 

 

 

 

 

Figure 2.2 Schematic diagram of the nucleation and growth process showing the 
dependence of the Gibbs free energy (∆G) on the crystal size. Reversible process takes place 
below a critical radius (r*) and turn to irreversible when r > r*. (Modified from Dalmaschio 
et.al3 )  

 

 

Step I and II 

Nucleation is the birth of a new phase which represents the very first stage of any 

nanoscrystal synthesis. It is the process by which atoms (or ions), which are free in 

solution, interact together to produce a thermodynamically stable cluster of metal. 

Because the surface molecules are not well bound to their neighbors, their contribution 

to the free energy of the new phase is greater. At very small size, the nucleus is 

unstable. Adding one more molecule just increases the free energy of the system. On 

average, such a nucleus will dissolve rather than grow. But once the nucleus gets large 

enough, the drop in free energy associated with formation of the bulk phase becomes 

sufficiently high that the surface free energy is unimportant, and every addition of a 

molecule to the lattice lowers the free energy of the system. There is an intermediate 
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size at which the free energy of the system is decreased whether the nucleus grows or 

dissolves, and this is known as the critical size. This phenomenon is referred to as the 

Gibbs-Thomson effect. Once the critical size is exceeded, the cluster becomes a 

supercritical nucleus capable of further growth. If the nucleus is smaller than the 

critical size, spontaneous dissolution can occur.9 Therefore, steps I and II are reversible. 

This meta-stability is the important feature of nucleation, i.e. the transformation from 

original to new phase has to overcome a free energy barrier as depicted in Figure 2.2. 

In another words, the free energy of cluster formation, ∆G, increases with cluster size, 

reaching a maximal value at the critical size, r = r*, and decreases after the critical size.  

Step III 

When the cluster grows to a critical size, the process becomes irreversible 

(thermodynamics condition). Crystal size and shape can be controlled with the aid of 

stabilizers. To a first approximation, the shape of the crystal is controlled by energetic 

arguments (this is a thermodynamic condition). In fact, the cluster will grow in a 

geometric arrangement in order to minimize the surface energy. In this step, in the case 

of metal nanoparticle synthesis, the reductant and/or surfactant play an important role 

to control the size and the shape of the nanocrystal. This process takes place in a 

kinetic condition. Slow process of metal reduction and the preferential 

adsorption/desorption of the surfactant can result in an anisotropic crystal. 10,2,11 

Step IV 

This consists of the interaction of the nanocrystals formed in step IV to produce larger 

structures. This nanocrystal-based self-assembly process is governed by particle–

particle and particle–solvent interactions. In this step, the formation of agglomerate 

(disordered assembly) of nanocrystals or even the formation of mesocrystals 

(mesoscopically structured crystals) may occur.13  

One of the difficulties in managing good control of the synthesis of colloidal 

nanocrystals is to split between the nucleation stage and the growth process. 

Therefore, designing the nanocrystals is not a simple task, because it requires control 

over the chemical composition and the purity, size, size distribution and shape of the 

crystallographic phase, as well as the chemical functionality of the nanocrystal surface.2  
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As earlier mentioned, the water droplets (microemulsion droplets) in these systems can 

be considered as “nanoreactors”, providing a suitable environment for controlled 

nucleation and growth. Due to their small size (in the 1-10 nm range), these droplets 

are subject to Brownian motion, therefore they are very dynamic. As a result, they 

collide continually, sometimes coalescing to form short-lived dimers, and interchange 

contents then break apart and redisperse again to form new micelles. Obviously, any 

inorganic reagents encapsulated inside the water droplets will become mixed. At the 

latter stages of growth, steric stabilisation provided by the surfactant layer prevents 

the nanoparticles from aggregating.6 

The fundamental of the nanoparticles synthesis in this method is the exchange process 

of the content inside the water droplets through collisions. According to Tojo et.al9,6, as 

previously described in stage I to IV, there are two interchange criteria:  

a.  The interchange of reactants in absence of nuclei.  

In this stage, two possible situations may happen. First, if both droplets carry the same 

reactant, one atom from the droplet containing a higher number of reactants will go to 

the droplet containing a lower number of reactants (concentration gradient). The 

second is that when the two droplets carry different reactants, the chemical reaction 

gives rise to the formation of the nuclei (A + B → P). Assuming again a concentration 

gradient, this first nucleus will be located inside the droplet carrying a lower number of 

reactants. 

b.  The interchange of reactants in the presence of nuclei 

In this case, autocatalysis process will take place because the existing nuclei will act 

like a catalyst. If only one of the two droplets carry a nucleus, the reaction will be 

performed in the droplet containing the nucleus. If both water pools carry them, the 

reaction will be performed in the droplet containing the bigger nucleus. As the nuclei 

grow, the interchange becomes more difficult because it depends on the flexibility of 

the surfactant film. A highly flexible surfactant film will allow the interchange of larger 

nuclei than a rigid surfactant film.  

As a general principle, the parameters that influence the size and the shape of the final 

particles inside of the droplets are the following. 

a. Surfactant film flexibility. As previously mentioned, the flexibility of the surfactant 

film around the droplets influences the reactant interchange among the 
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nanodroplets. The elasticity of

and the thermodynamic conditions, but also on the presence of additives, like 

alcohols, electrolytes, block copolymers and polyelectrolites. The interdroplet 

exchange of the particles growing inside the dro

of the film curvature in the fused dimer (see Figure 2.3) which, in turns, depends 

on the film flexibility.

b. Droplet size, which is greatly dependent on the water

size of the droplet is expected to be proportional to the water

ratio. It was experimentally observed,

slightly bigger or smaller than the droplet size, depending on the flexibility of the 

surfactant film and/or the surfactant adsorption.

c. Adsorption of surfactants onto the particles. The surfactant adsorption can stop 

the growth of the particles inside the microemulsion droplets. The particle control 

by surfactant adsorption can easily be detected by the fact that the particle size is 

almost constant and 

may affect the particle size. Because the adsorption on catalysts is favored this size 

control by adsorption has been mostly found in the preparation of catalysts 

particles in microemulsions.

 

 

Figure 2.3 Schematic representation of a fused 
showing the channel opened in between. (Modified from the ref. 12)
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nanodroplets. The elasticity of the film depends not only on the surfactant type 

and the thermodynamic conditions, but also on the presence of additives, like 

alcohols, electrolytes, block copolymers and polyelectrolites. The interdroplet 

exchange of the particles growing inside the droplets is inhibited by the inversion 

of the film curvature in the fused dimer (see Figure 2.3) which, in turns, depends 

on the film flexibility.13 

Droplet size, which is greatly dependent on the water-surfactant molar ratio. The 

size of the droplet is expected to be proportional to the water-

ratio. It was experimentally observed,6,14 the final size of the particles maybe 

slightly bigger or smaller than the droplet size, depending on the flexibility of the 

surfactant film and/or the surfactant adsorption. 

urfactants onto the particles. The surfactant adsorption can stop 

the growth of the particles inside the microemulsion droplets. The particle control 

by surfactant adsorption can easily be detected by the fact that the particle size is 

almost constant and independent of the various parameters discussed above which 

may affect the particle size. Because the adsorption on catalysts is favored this size 

control by adsorption has been mostly found in the preparation of catalysts 

particles in microemulsions. 

 

Schematic representation of a fused dimer after a two droplets 
showing the channel opened in between. (Modified from the ref. 12) 
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independent of the various parameters discussed above which 

may affect the particle size. Because the adsorption on catalysts is favored this size 

control by adsorption has been mostly found in the preparation of catalysts 

 

after a two droplets collision 
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In general, the exchange of nuclei or particles between the droplets is not favored 

energetically, because it would produce the formation of a big hole during the collision 

of the droplets and cause a large change in the curvature of the surfactant layer around 

the droplets. Because the inorganic salts have very low solubility in the oil phase, the 

dynamic exchange of reactants between the droplets through the continuous phase is 

unfavorable. When the particles attain their final size, the surfactant molecules attach 

themselves to the surface of the particles and stabilize them. Further growth is also 

prevented by the adsorbed surfactant layer 

 

2.2 Size and shape control of metal nanoparticles 

As mentioned above, the synthesis of nanoparticles inside of the water droplets 

microemulsion involves a nucleation followed by growth stages in which solutes are 

consumed. The final shape of nanoparticle can be controlled by tuning the shape of 

nuclei and directing the growth of the nuclei and/or nanocrystals. Nuclei shape has a 

strong effect on the final nanocrystal shape. It is determined by the chemical potentials 

of the different crystallographic faces, which are in turn highly dependent on the 

reaction environment such as temperature and solute concentration.15 Not only does 

the formation of nuclei strongly govern the final morphology of the nanoparticles, the 

subsequent growth stages do also. In general, nanoparticle growth takes place under 

two different regimes, either in a thermodynamically controlled or kinetically 

controlled growth regime16,17 The schematic illustration of these two shape controls10 

is depicted in Figure 2.4. 

Thermodynamic growth is characterized by a sufficient supply of thermal energy and 

low flux of monomers.11 This often results in uniform growth of all crystal faces which 

turns to formation of spherical or near-spherical structures. On the contrary, favored 

and directional growth occurs under the non-equilibrium kinetic growth regime. 

Therefore, manipulation between the thermodynamic and the kinetic growth regimes is 

a critical factor in determining nanoparticle shape.18 

In kinetic growth control, preferential adsorption of surfactant to specific facets can 

hinder or enhance the crystal growth in some directions, thus  physically directs the 

anisotropic growth.19 The energetic aspects can also play an important role in 

determining the anisotropic growth of nanoparticles. The formation of anisotropic 
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structures is a direct consequence of the energetics being dominated by surface energy 

in nanometer regime. Anisotropic nanoparticles have higher surface to volume ratios 

than spheres and, consequently, higher energy per atom, even though they can expose 

facets with lower surface energies (for example 111 facet index in face

fcc).20 

 

 

Figure 2.4 A schematic illustration of the reaction pathways that lead to metal 
nanostructures with different shapes. The green, orange, and purple colors represent the 
{100}, {111}, and {110} facets, respectively. The parameter R is defined as the ratio 
between the growth rates along the <100> and <111> axes. (Modified from ref. 8)
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The energy with which surfactant molecules present in the growth medium adhere to 

the surfaces of growing nanocrystals is one of the most important parameters 

influencing crystal growth. The surfactant needs to be able to exchange on and off the 

growing crystals, so that regions of the nanocrystal surface are transiently accessible 

for growth, yet entire crystals are, on average, monolayer-protected to block 

aggregation.2 

 

 

2.2.1 Thermodynamic Control  

2.2.1.1 Thermodynamic Size Control 

In the nanocrystal formation under thermodynamic control, the greatest amount of the 

most stable product will be produced. The most stable product can be predicted 

through the formation of single-crystal seeds based on the Wulff's theorem, which 

endeavors to minimize the total interfacial free energy of a system in a given volume 

(the interfacial free energy can be defined as the free energy required for creating a unit 

area of “new” surface).21 Another attempt to achieve a stable product is by 

thermodynamical stabilization with the surfactant molecule.  

The size of nanocrystal can be thermodynamically controlled in microemulsion 

systems. Whetten and Gelbart22 assumed that in microemulsion systems, all clusters 

are in thermodynamic equilibrium with one another. They also suggest that the single-

sized nanocrystals also represent self-assembled structures at thermodynamic 

equilibrium. Leff et al. reported that the size of gold nanocrystals can be 

thermodynamically controlled by simply varying the gold-to-thiol (stabilizer) ratio.23 

They found that nanocrystal with specific sizes can be obtained as equilibrium products 

of a room temperature system.23 The role of long chain thiols in stabilizing nanocrystal 

thermodynamically has been argued to be analogous to that of surfactant in the more 

familiar case of water-in-oil microemulsions. The capping agent is used to both control 

the rate of particle growth and impart useful chemical behavior (solubility, for example) 

to the final nanocrystal product. It does not, in general, play a role in determining the 

final particle size and shape distributions.  
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2.2.1.2 Thermodynamic shape control  

In nanoparticle synthesis with microemulsions, surfactant as stabilizing molecules 

adsorb onto and desorb from the surface of the growing nanocrystal in a dynamic way.2 

Depending on the type of surfactant, the adsorption and desorption rates could be 

different on different crystallographic facets and thus affects nanocrystal growth. El-

Sayed et al. are the first to demonstrate the effect of stabilizier on the shape control of 

single-crystal platinum nanoparticles.24,25 They found that tetrahedral nanocrystals are 

formed under high stabilizer concentration, which facilitated a stronger adsorption 

onto the {111} facets. Consequently, this reduced effectively the surface energy and the 

growth rate of these faces, leading to the formation of {111} tetrahedra. From 

theoretical considerations, clusters with {111} faces such as tetrahedral nanoparticles 

should be the most stable.26 Other groups later also reported for the formation of 

platinum nanocubes enclosed by {100} facets, which were preferentially stabilised by 

the chosen stabilisers.27,28 In these cases, because nanocrystals being terminated by the 

stabilised or thermodynamically favoured facets growth, it is considered to be 

thermodynamically controlled. Watt et al. also reported that the shape of nanocrystals 

can be thermodynamically controlled in a three-step growth process with using the 

organic stabilizer. 

 

2.2.2 Kinetic control 

2.2.2.1 Kinetic size control 

Producing nanocrystals with a narrow size distribution is also important for catalyst 

preparation methods. Especially in the case of structure sensitive catalytic reactions, 

certain size and morphology for the metal particles on the catalyst surface are 

necessary for an optimum reaction condition. If a narrow size distribution could be 

produced, the less effective particles will be excluded and the metal used will be more 

efficiently. Thus, generally a narrow particle size distribution leads to a better catalytic 

activity. The dependence of the growth rate on the size of nanocrystal radius is 

illustrated in Figure 2.5. The left-hand side of the curve shows that very small crystals 

are unstable because of their large fraction of active surface atoms, as indicated by the 

negative growth rate. The right-hand side of the curve demonstrates that larger 

crystals with smaller surface-to-volume ratio are stable and grow. The zero-crossing 

points to the critical size, where nanocrystals neither grow nor shrink. As mentioned 
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above, the critical size depends on the monomer concentration 

concentration favoring a larger critical size. The peak in growth rate versus size on the 

right-hand side arises because increasing the size of large crystals requires the blending 

of many more atoms than increasing the size of smaller crystals.

Therefore, the growth process of nanocrystals can occur in two different modes i.e. 

‘focusing’ and ‘defocusing’, 

high monomer concentration, the critical size is small and therefore all the particles 

grow. In this condition, smaller particles grow faster than the larger ones. As a result, 

the size distribution can

below a critical threshold, small nanocrystals are depleted as larger ones grow and the 

size distribution broadens. The preparation of nearly monodisperse spherical particles 

can be achieved by interrupting the reaction while it is still in

concentration of monomer 

 

Figure 2.5 Size distribution focusing 
be 'focusing' and 'defocusing', depending upon the co

 

This can explain why a slow growth rate, which produces equilibrated and nearly 

round crystals, yields very broad size distributions. The slow growth is related to low 

monomer concentrations and 

resultant size distribution of nanocrystal. Size focusing is optimal if the monomer 

concentration is kept such that the average nanocrystal size present is always slightly 

larger than the critical size
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arises because increasing the size of large crystals requires the blending 

of many more atoms than increasing the size of smaller crystals. 

Therefore, the growth process of nanocrystals can occur in two different modes i.e. 

‘focusing’ and ‘defocusing’, depending upon the concentration of the monomer. At a 

high monomer concentration, the critical size is small and therefore all the particles 

grow. In this condition, smaller particles grow faster than the larger ones. As a result, 

the size distribution can be nearly monodisperse. If the monomer concentration is 

below a critical threshold, small nanocrystals are depleted as larger ones grow and the 

size distribution broadens. The preparation of nearly monodisperse spherical particles 

rupting the reaction while it is still in the regime where a large 

concentration of monomer is present.  
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be 'focusing' and 'defocusing', depending upon the concentration of the monomer present.

This can explain why a slow growth rate, which produces equilibrated and nearly 

round crystals, yields very broad size distributions. The slow growth is related to low 

monomer concentrations and it is most probably that the critical size falls within the 

resultant size distribution of nanocrystal. Size focusing is optimal if the monomer 

concentration is kept such that the average nanocrystal size present is always slightly 

larger than the critical size. 2 
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concentration is kept such that the average nanocrystal size present is always slightly 
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In principle, it is preferable for nucleation to be separated from the growth step to 

obtain relatively monodisperse samples. This means that nucleation must take place on 

a short time scale. This can be achieved by rapidly injecting suitable precursors into the 

solvent to generate transient supersaturation of monomers and induce a nucleation 

burst. A rapid and intense nucleation burst will lower the monomer concentration 

below the nucleation threshold, so monomers remaining of solution will only add to the 

existing nuclei. In many cases, there is some overlap between the nucleation and 

growth time scales, so the resultant dispersion in nanocrystal sizes needs to be 

compensated for with focusing. But in optimal cases, it is possible to remain in the fast 

growth-focusing regime while remaining below the nucleation limit. 

2.2.2.2 Kinetic shape control 

In practice, kinetic considerations are also critical in determining nanocrystal 

morphology. This is particularly understandable in colloidal synthesis, where 

parameters such as reaction time, surfactant and reactant concentration profoundly 

affect nucleation and growth. Xia et al. are the first to demonstrate the kinetically 

controlled growth of single-crystalline nanocubes bound by {100} crystal facets.29 

They found that by regulating the rate of the reducing process, the nucleation events 

during the reaction can be controlled.  Watt et al. have also demonstrated that adding 

oleic acid to the system leads to the increase in the rate of adatom (an atom that lies on 

a crystal surface) addition thus allowing fast crystallographically directional growth 

under a kinetically controlled growth regime.30 The resulting kinetically driven, much 

faster growth that followed was shown to be entirely random and no 

crystallographically orientated, which then led to the formation of highly branched 

palladium nanostructures.18 

In controlling the particle shape, the formation of highly anisotropic shapes is desirable 

because they have larger surface areas, which renders them metastable and high surface 

energy forms. Formation of the metastable nanocrystals therefore requires a kinetic 

growth regime, whereas equilibrium nanocrystals with low aspect ratios are obtained in 

the slow growth limit under thermodynamic control. At low growth rate, nearly round 

nanocrystals are formed, with broad size distribution. At higher growth rate, narrow 

size distribution (focusing regime) is observed. When the growth rate is increased just 

beyond the focusing regime, a surprising diversity of highly anisotropic shapes are 

obtained, from simple rods and disks until shapes like arrows and tetrapods. 
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The equilibrium shape of inorganic nanocrystals, although faceted, they have a low 

surface energy. The growth rate of a crystal facet depends exponentially on the surface 

energy, so that at high growth rates, in a kinetically controlled growth regime, high-

energy facets grow more quickly than low-energy facets. The kinetic shape control can 

be widely adjusted using selective adhesion (Figure 2.6) According to the concept of 

dynamic solvation, organic surfactants exchange on the nanocrystal's surface during 

growth. In a faceted crystal, however, the exchange rate on the different facets is not 

necessarily to be the same. The introduction of an organic compound that selectively 

adheres to a particular crystal facet can be used to effectively lower the energy and slow 

the growth rate of that facet relative to other. Selective adhesion effects have not been 

observed directly during nanocrystal growth, but theoretical studies provide a 

reliability to the concept.31 A possible alternative mechanism involves complexation of 

the reactive monomer species in solution by organic molecules. This leads to an 

environment with high chemical potential, and it can be used to adjust growth rates.32 

In the kinetic growth regime, it is possible to create sequence events that produce more 

complicated shapes. A first instance is the outstanding phenomenon of sequential 

elimination of a high-energy facet.33 Fast-growing facets will finally disappear during 

growth process, resulting in a crystal that is terminated by slower-growing facets. An 

interesting point is when that the relative growth rates of two different low-index 

facets differ greatly. In this case, the higher-energy facet will grow so rapidly that a 

second or even third layer of atoms can start to form before a first layer is complete. 

Another possibility is that when another facet which has intermediate energy, between 

the low and high energy ones, present initially. In this case, that facet may form 

transiently during the growth of the high-energy facet. Once such a facet forms, it will 

continue replacing the initial high-energy facet. This new intermediate-energy facet 

will still grow more quickly than the initial slow-growing one, so that the shape will 

develop in a complex pattern during the growth process. This phenomenon has been 

used to form arrow-shaped nanocrystals of CdSe33 and zigzag-shaped crystals of 

TiO2.34 

Another approach to produce the complex shapes nanocrystals is oriented attachment.35 

This remarkable process that was first described by Penn et al.36 involves the 

coalescence of faceted nanocrystals in such a way that it eliminates two high-energy 

facets. The detailed mechanism of this oriented attachment remains unclear, but it 

seems to occur in many process syntheses of materials systems. The most frequent 
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shapes produced with oriented attachment mechanism are rods and wires. The extent 

and nature of the oriented attachment process can also be manipulated with surfactant 

control.  In fact, the specific chemical transformation of the surfactant on high

facets may play a crucial role in some of the synthesis strategies.

  

Figure 2.6 Illustration of the kinetic shape control by selective adhesion of surfactant.

The general procedure for solution

reduction of a metal precursor

the type and concentration of the metal precursor, the reducing agent and stabilizer, as 

well as reaction conditions such as temperature and time, a myriad of variables are 

possible. 
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The general procedure for solution-phase synthesis of metal nanoparticles involves the 

reduction of a metal precursor in the presence of a surfactant or stabilizer. By varying 

the type and concentration of the metal precursor, the reducing agent and stabilizer, as 

well as reaction conditions such as temperature and time, a myriad of variables are 

chanism in metal reduction 

The initial nucleation is a central step to the following growth process and the final 

shape of the nanocrystal under the given conditions. However, it is rather difficult to 

structurally determine and further control the newly formed tiny clusters. Because it is 

generally assumed that metal ions exist as monomeric units through complexation with 

anions, ligands, or solvent molecules, a reductant may provide possible access to 

control nucleation kinetics.  It has been reported that the reduction process can be 

manipulated to produce various shape of nanocrystal by employing reductants with 

different reducing power.38,39  

In the metal reduction process, the metal precursor is in a higher oxidation state than 

the atomic species. The mechanism that is generally reported is that the metal 
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precursor is reduced first into zero-valent atoms, which aggregate into nuclei and then 

grow into nanocrystals as expressed by the following equation: 

��� + 	�� → 	�	, 				�	 + ��� → ����  

The other path is the formation of a cluster consisting of unreduced metal ions prior to 

full reduction to the metallic state.40–42  

��� + 	� → 	������, 						������ + 	������ → ��������� 

In the kinetic control mechanism of the particle formation, especially in the case of 

strong reducing agents, it has been indicated that the nucleation starts from the full 

reduction of precursor ions and then the metal clusters are formed.43 Interestingly, 

reducing PtCl42- with a moderate reductant, Henglein et al.40 have exluded the presence 

of Pt0 atoms but postulated the monovalent Pt dimer as the first reaction intermediates. 

In other words, under moderate reduction conditions, some kind of Pt complex clusters 

can be formed in the initial nucleation stage prior to the complete reduction of the Pt 

ions to zero valent Pt atoms. 

The molecular mechanism of cluster growth upon the reduction of hydrolyzed PtCl42- 

ions is studied in a series of FPMD simulations. We consider a model of growth where 

unreduced PtCl2(H2O)2 complexes react with neutral clusters before reduction. Both in 

gas-phase simulations and in simulations that explicitly take into account the water 

environment we observe that the Pt(II) complexes can spontaneously react with Pt12, 

Pt12Cl4, and Pt13Cl6 clusters and are completely incorporated into the cluster structure.  

The aggregation takes place with a considerable rearrangement of the cluster structure 

and involves a redistribution of the chlorine ligands on the cluster surface. The 

adsorption reaction is promoted by electron donation from the filled dz2 orbital of the 

square-planar Pt(II) complexes to the empty orbitals of the open-shell clusters that 

extend outside the cluster surface. This is followed by the full incorporation of the Pt 

atom originally belonging to the Pt(II) complex into the cluster structure, which 

increases the mean atomic coordination number and thus the cohesive energy per atom 

of the whole cluster.  

The energy barriers associated with the adsorption/incorporation process appear to be 

negligible at room temperature, suggesting that, in general, low-energy structural 

rearrangements and ligand fluxionality should be taken into account to realize a 
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controlled growth of noble-metal clusters in reduction baths. The mechanism 

suggested by the simulations is fully consistent with the autoaccelerating kinetics of 

the process of cluster growth and with a face-capping growth mechanism that can 

account for shape-controlled cluster fabrication.  

Ciacchi et al.44 investigated the initial nucleation of platinum clusters in synthesis of Pt 

nanocrystals with K2PtCl4 as a metal precursor by a series of FPMD (first principle of 

molecular dynamic) simulations. They propose a mechanism that the metal precursor 

compounds can be directly converted into nuclei and add to other precursor-based 

nuclei or growing nanocrystals without passing through a zero-valent state. They also 

show that, in synthesis of Pt nanocrystals with K2PtCl4 as a metal precursor, a PtII-PtI 

dimer stabilized with Cl- can be formed directly from two dissolved PtCl2(H2O)2 

complexes through the giving of one electron. In this case, the PtCl2(H2O)2 complex is 

the hydrolysis product of PtCl42-. After that the PtI-PtII dimer is transformed 

subsequently into a PtI-PtI dimer by the addition of another electron and the loss of Cl-. 

The interesting part is that both the PtII-PtI and PtI-PtI dimers can react with a third 

PtCl2(H2O)2 complex to form a trimer by blending together to a third reduction step. 

These dimers and trimers which are partially reduced probably stand for early 

intermediate units on the way to the formation of larger clusters or nuclei.  

Due to orbital delocalization, the dimers and trimers have higher electron affinities 

than the precursor. Therefore, in the reduction process that likely happens is the 

electron transfer from the reductant to these dimeric and trimeric units. In this 

mechanism, the possibility of monomeric precursor complexes to be reduced directly 

into atoms and then adding to nuclei or growing seeds is omitted. Either the addition 

of PtII complexes to a cluster or the detachment of a ligand from a cluster can 

dramatically accelerate the growth of a metal nanocrystal, which is generally known as 

autocatalytic growth.45,41 The reduction mechanism above is only favorable when 

employing a mild reducing agent and/or a high concentration of metal  precursor. In 

order that the cluster to be fully reduced into the zero-valent state, its surface is 

terminated by positively charged metal ions coordinated to ligands or solvated by 

solvent molecules.  

Yao et al. also suggest two distinct nucleation pathways mediated by the reductants in 

synthesis of Pt nanocrystal from PtCl42– ions as schematically shown in Figure 2.7. By 

employing an in-situ characterization UV–vis spectroscopy which can give a direct 
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evidence and data analysis from XAFS, they hypothesize the scenario of the reductant

manipulated of the nucleation process as follows. When the weak reductant was used, 

the reduction rate would be substantially slowed down, and the PtCl

partially reduced into PtCl

via a metal–metal bond, forms a Cl

dimer clusters are polymerized to longer linear “Pt

pathway is consistent with the previous speculation which suggested the formation of a 

PtII–PtI dimer stabilized with Cl

precursor, based on the first

using a relatively stronger reductant, the PtCl

valent Pt0 atoms which then aggregate

These nucleation pathways have been experimentally elucidated by Yao et al in

measurements combining quick

confirm that nucleation pathways of Pt nanocrysal are strongly related with the 

strength of the used reductants. As a result, the produced Pt nanocrystals possess 

different shapes which show the thermodynamically favored sphere and kinetically 

controlled wirelike morphologies. These measurements underline 

the reductant in mediating the nucleation processes. 

 

 

 

Figure 2.7  Schematic representations of reaction pathways 
When the metal precursor PtCl
Cl32-Pt - PtCl32- dimer and the subsequent dimer clusters and their aggregations into 
higher linear ‘PtnClx’ complexes are formed in the nucleation stage. For the stronger 
reducing agent, PtCl42- ions are reduced into Pt
and large Ptn0 clusters. (Modified from Yao et al.

Design and synthesis supported metal catalyst 

 

evidence and data analysis from XAFS, they hypothesize the scenario of the reductant

pulated of the nucleation process as follows. When the weak reductant was used, 

the reduction rate would be substantially slowed down, and the PtCl

partially reduced into PtCl32– ions first. Afterward, two PtCl32– ions complex, together 

metal bond, forms a Cl32–Pt–PtCl32– dimer cluster. Then, these preformed 

dimer clusters are polymerized to longer linear “PtnClx” complexes. This nucleation 

pathway is consistent with the previous speculation which suggested the formation of a 

dimer stabilized with Cl– in the case of moderate reduction of K

precursor, based on the first-principles molecular dynamics simulations.

using a relatively stronger reductant, the PtCl42– ions is reduced completely into zero 

atoms which then aggregate into Ptn
0 (such as Pt20, Pt30, etc.) clusters. 

These nucleation pathways have been experimentally elucidated by Yao et al in

measurements combining quick-XAFS and UV–vis spectroscopies.  The 

confirm that nucleation pathways of Pt nanocrysal are strongly related with the 

strength of the used reductants. As a result, the produced Pt nanocrystals possess 

different shapes which show the thermodynamically favored sphere and kinetically 

trolled wirelike morphologies. These measurements underline the important role of 

reductant in mediating the nucleation processes.  

Schematic representations of reaction pathways controlle
When the metal precursor PtCl42- ions are reduced by a weak reductant, the intermediate 

dimer and the subsequent dimer clusters and their aggregations into 
’ complexes are formed in the nucleation stage. For the stronger 

ions are reduced into Pt0 atom which then aggregated into Pt
clusters. (Modified from Yao et al.46). 
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, etc.) clusters.  

These nucleation pathways have been experimentally elucidated by Yao et al in in-situ 

vis spectroscopies.  The in-situ studies 

confirm that nucleation pathways of Pt nanocrysal are strongly related with the 

strength of the used reductants. As a result, the produced Pt nanocrystals possess 

different shapes which show the thermodynamically favored sphere and kinetically 

important role of 

 

controlled by reductants. 
ions are reduced by a weak reductant, the intermediate 

dimer and the subsequent dimer clusters and their aggregations into 
’ complexes are formed in the nucleation stage. For the stronger 

atom which then aggregated into Pt20, Pt30 
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Changing to the anisotropic structure of the nanoparticle can enhance its catalytic 

activity.20 Large surface areas for a given quantity of materials make them good for 

adsorption at specific sites. Studies on the platinum nanoparticles showed enhanced and 

selective catalytic activities for different morphologies compared to spherical 

nanoparticles.47 Increasing the number of edges, crystallographic facets, corners, and 

faces are of critical importance in controlling the catalytic activity and selectivity of 

metal nanoparticles.  

 

A significant fraction of the total number of atoms in nanostructures is coordinatively 

undersaturated with respect to the equilibrium bulk structure. Several types of 

coordinatively undersaturated sites exist on all three-dimensional nanoparticles such as 

terraces, edges, and kinks which are often summarized as “roughness”. The distribution 

of these sites distribution is controlled by the morphology of the nanoparticle. It has 

been suspected for a long time that these sites are representing the active sites.48 For 

instance, Robota et.al (1985)49 found that there is a barrier for dissociation of H2 on the 

closely packed (111) of nickel while there is no barrier on the open (110) surface. 

Kratzer et.al (1996) also studied H2 dissociation over Cu(100) and Cu(111) surfaces and 

show that the (100) surface is the more reactive one, as would be expected from the 

lower coordination of the metal atoms in this surface compared to the (111) surface.50 

Therefore, it would generally be regarded that open surfaces (with lower coordinated 

surface atoms) are more reactive than closely packed ones, despite of the molecule and 

the metal considered. There may be other factors having to do with the local bonding 

of the molecule to the surface that also influence the barrier.51  

 

2.4. Preparation of supported catalysts with microemulsions 

The classic heterogeneous catalysts consist of active metal nanoparticles and a support 

material such as alumina or silicates. Conventional techniques for the synthesis of 

supported catalysts contain one or more of the following steps: impregnation, 

precipitation, coating, rewashing, ion-exchange, pulverization, dying, and calcination. 

The primary aim of depositing active metal nanoparticles to a support material is to 

obtain the catalyst in a highly dispersed form. This feature of supported catalysts is 

particularly important with regard to precious metal catalysts, because it allows more 

effective usage of the metal than can be achieved in bulk-metal systems. For the metal 
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catalysts the use of the support is often primarily aimed at improving the catalyst 

stability. This can be achieved by suitable interaction between the active material and 

the support.52  

 

As already mentioned in the previous chapter, the particle structure (size and shape) 

and dispersion of the nanoparticles on the support material determine the catalytic 

activity and selectivity. On the other hand, the structure, composition and the 

dispersion of the catalyst may change under the reaction conditions, and thus their 

performance could be time dependent. Therefore, the synthesis of highly active and 

stable catalysts still remains a challenging task that constantly grows and improves.    

 

Irrespective of how good the preparation of design nanoparticles is inside of 

microemulsion droplets, their stability is limited.  To increase the stability they need to 

be transferred and deposited on a support material.  In order to obtain a well dispersed 

supported catalyst, it is necessary to maintain the homogeneous distribution when 

transferring the particles onto the support. Besides, the particles have to adhere 

strongly to the support in order to minimize the sintering of the particles at high 

temperatures. A proper mixing of the microemulsions together with the support 

powder will increase the possibility of obtaining a homogeneous distribution of the 

particles on the support. However, this is a difficult task and the success of the method 

is very much dependent on the properties of the support. 

 

The most common way to carry out this process is the so called solvent destabilization, 

i.e. to add a solvent like tetra-hydrofuran (THF) to the microemulsion which will 

destabilize the solution. If the support powder is added at the same time as the solvent, 

the particles will stick onto the support. This method, however, has some 

disadvantages such as the difficulty in creating a uniform destabilization in the whole 

microemulsion system and also producing more liquid waste because more solvent is 

added to the system. In this work, a new method to prepare supported catalysts from 

microemulsions is introduced, namely thermo-destabilization of microemulsions. The 

principle of this method is changing the temperature of microemulsion systems to 

break the microemulsion droplets of so that the nanoparticles can be released and thus 

be deposited onto the support material. The advantages of this method, in contrast to 

the solvent destabilization, are the easiness to create a uniform destabilization in the 
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whole microemulsion system and not producing more liquid waste because no solvent 

is added into the system. 

 

In this method, the surface charges of the involved materials, i.e. the nanoparticles and 

the support, which are indicated by the measured zeta potential, play an important role 

for the degree of dispersion. In principle, the attractive zeta potential can be used to 

predict the interaction between the nanoparticles and the support material during the 

deposition process. The preparation of supported catalysts with the thermo-

destabilization method will be discussed in more detail in Chapter 4. 
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General Experimental Section 
 

 

 

 

3.1 Chemicals 

3.1.1 Synthesis of supported metal catalyst.   

The chemicals used for the preparation of different metal nanoparticles with 

microemulsions method were the following. For the water phase containing the metal 

salt: Hexachloroplatinic acid hydrate (99.9%, Sigma-Aldrich) and Potassium 

tetrachloro-platinate(II) (99.9%, Sigma-Aldrich), Silver Nitrate (99.9%, Sigma-Aldrich), 

Palladium Chloride (99.9%, Sigma-Aldrich) and Ruthenium chloride (99.9%, Sigma-

Aldrich). All are dissolved in deionized water. To prepare the Pd salt solution, 

Palladium Chloride is dissolved in cold deionized water and solubilized by as little NaCl 

as possible. For the water phase containing the reducing agent: hydrazine monohydrate 

(98%, Sigma-Aldrich) and L-(+)-ascorbic acid (>99%, Alfa Aesar), both are dissolved in 

deionized water. These are then prepared for different concentrations.  

 

As surfactant component three kinds of surfactants were tested: (1) non-ionic 

surfactants: 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol (trade name: Triton X-

100, ~100% purity, Sigma-Aldrich) and [2-[(2R,3S,4R)-3,4-dihydroxyoxolan-2-yl]-2-

hydroxyethyl] (Z)-octadec-9-enoate (trade name: Span 80, ~70% purity, Sigma-

Aldrich); (2) anionic surfactant: sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-

sulfonate (trade name: AOT, 98% purity, Sigma Aldrich); (3) cationic surfactant: Cetyl 

trimethylammonium bromide (CTAB, ~99% purity, Sigma Aldrich). The other 
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components are 1-pentanol (≥ 98% purity, Carl-Roth) as co-surfactant and 

Cyclohexane (≥ 99.5% purity, Carl-Roth) as the oil phase. Both were used as received. 

All the chemicals above were used without further purification. The support materials 

used in the deposition process were (base, neutral and acid)-Al2O3 (Sigma-Aldrich), 

SiO2 (Sigma-Aldrich), α-Al2O3 (Alfa Aesar), dioxosilane (trade name: Sipernat 310, 

Evonik) and self prepared SBA-15 and MCM-41 according to the method reported by 

Zhao et.al.  For the washing of the catalysts after the synthesis, acetone (≥ 99.8% 

purity, Carl Roth) was used. 

 

Catalytic Testing. In catalytic testing, there are four kinds of substrates that were 

used in hydrogenation reactions, i.e. α-Methyl Styrene (99%, Sigma-Aldrich), Levulinic 

Acid (98% purity, Sigma-Aldrich), Methyl Crotonate (99% purity, Sigma-Aldrich), and 

Itaconic Acid (99% purity, Sigma-Aldrich). As the solvent Methanol (≥99.9% purity, 

Carl-Roth) was used. All chemicals were used as received.  

 

 

3.2   Experimental Procedure 

3.2.1 Phase Behaviour of Microemulsion Systems  

The behavior of microemulsions depends upon three parameters namely pressure, 

temperature and concentration of the components (water−oil−surfactant). The 

principle of the synthesis method in this work is utilizing the temperature change to 

destabilize the microemulsions so that the metal nanoparticles inside the droplets can 

be released and are thus ready to attach onto the support material. Another thing that 

also needs to be determined is a composition which can produce a microemulsion with 

small droplet size at room temperature. Therefore, it is necessary to establish the phase 

behavior of the microemulsion system so that the composition and the corresponding 

temperature change can be identified. The mass fraction of the oil in the mixture of oil 

and water is defined by α = mo/(mo+mw). The mass fraction of surfactant is defined by 

γ. Because co-surfactant is added to the microemulsions, surfactant is considered now as 

a pseudo single phase. Hence, γ = (ms + mco-s )/(mw + mo+ ms +  mco-s). The mass ratio 

of co-sufactant to surfactant is defined by δ.   Because the behaviour of microemulsions 

depends upon three parameters, the complete phase diagram has a three-dimensional 



 

structure (a prism). Several two

prism, depending on the number of variables involved, to simplify the phase behavior 

such as fish diagram (γ 

mentioned, this method 

the phase change. The fish diagram is sufficient to provide the information.  The 

procedure to measure a fish diagram is 

different concentration of the surfactants and co

at the fixed α (the mass ratio of oil to oil and water was the same in all test tubes) with 

the total volume of 7.5 ml. The sequence in which the components were added was (1) 

oil, (2) surfactant, (3) co-

be mixed thoroughly to get stabilized. Afterwards, the test tubes were immersed in a 

thermostated, transparent water glass bath, as shown in Figure 3.1. The 

of the microemulsions w

10 °C and 70 °C. So the temperature in the water glass bath was increased step by step. 

The observation of the phases and phase changes gave information needed to produce 

the fish diagrams.  

 

Figure 3.1 Schematic illustration of the experiment to prepare a fish diagram

 

The first attempt is to measure

proper surfactant which can provide a complete fish diagram in the range of 5 

For that purpose, anionic, cationic and 

diagram of the chosen surfactant, the microemuls

droplets (high γ) at room temperature needs to be determined. After choosing the 
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structure (a prism). Several two-dimensional phase diagrams can be extract

prism, depending on the number of variables involved, to simplify the phase behavior 

 vs T) or Shinoda diagram (α vs T). However, as previously 

mentioned, this method is only needed to identify the temperature rang

he fish diagram is sufficient to provide the information.  The 

a fish diagram is the following. Test tubes were filled with 

of the surfactants and co-surfactants (as illustrated in Table 3.1) 

(the mass ratio of oil to oil and water was the same in all test tubes) with 

the total volume of 7.5 ml. The sequence in which the components were added was (1) 

-surfactant and lastly (4) water. The microemulsions needed to 

be mixed thoroughly to get stabilized. Afterwards, the test tubes were immersed in a 

thermostated, transparent water glass bath, as shown in Figure 3.1. The 

e microemulsions was observed every 15 to 20 minutes, in steps of 5 °C between 

10 °C and 70 °C. So the temperature in the water glass bath was increased step by step. 

The observation of the phases and phase changes gave information needed to produce 

Schematic illustration of the experiment to prepare a fish diagram

measure the fish diagrams with different surfactants to find a 

proper surfactant which can provide a complete fish diagram in the range of 5 

anionic, cationic and nonionic surfactants were tested

diagram of the chosen surfactant, the microemulsion composition that gives small 

) at room temperature needs to be determined. After choosing the 
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extracted from the 

prism, depending on the number of variables involved, to simplify the phase behavior 

vs T). However, as previously 

range that causes 

he fish diagram is sufficient to provide the information.  The 

following. Test tubes were filled with 

surfactants (as illustrated in Table 3.1) 

(the mass ratio of oil to oil and water was the same in all test tubes) with 

the total volume of 7.5 ml. The sequence in which the components were added was (1) 

surfactant and lastly (4) water. The microemulsions needed to 

be mixed thoroughly to get stabilized. Afterwards, the test tubes were immersed in a 

thermostated, transparent water glass bath, as shown in Figure 3.1. The phase behavior 

observed every 15 to 20 minutes, in steps of 5 °C between 

10 °C and 70 °C. So the temperature in the water glass bath was increased step by step. 

The observation of the phases and phase changes gave information needed to produce 

 

Schematic illustration of the experiment to prepare a fish diagram 

different surfactants to find a 

proper surfactant which can provide a complete fish diagram in the range of 5 – 70 oC. 

s were tested. From the fish 

ion composition that gives small 

) at room temperature needs to be determined. After choosing the 
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appropriate composition, the influence of the metal salts and the reducing agent on the 

phase behavior has to be tested.  

3.2.2. Synthesis of supported metal nanoparticles 

After determining the destabilization temperature of microemulsion containing the 

metal salts and the reducing agent, the synthesis of supported metal particles can be 

carried out. Two microemulsions @50 ml are prepared, one containing the reducing 

agent solution and the other one containing the dissolved metal precursor. Tabel 3-2 

shows the concentration of metal salts and reducing agents (except the variation of 

concentrations) at different composition that are used in this work. For all the synthesis 

of the supported metal nanoparticles, a semi batch reactor was used. The reactor is the 

200-ml double-walled glass reactor circulated with water from the thermostat to adjust 

the reactor temperature. To control the heating rate during the deposition process, the 

thermostat is regulated by a computer program. The reactor is also equipped with a 

stirrer that has three diagonal blades modulated on top of each other. Each diagonal 

blade stirrer has two blade stirrers as seen in Figure 3.2. 

 
 

Table 3.1 Example of an observation table to prepare a fish diagram where γ is varied at 
fixed  α = 0.5 and δ = 1  

 

 
 
The microemulsion with the reducing agent is added at 0.2 ml/s with the micro pump 

to the reactor which beforehand has been filled with the microemulsion containing the 

metal precursor. The reduction takes place under stirring at 700 rpm for 1 hour (if not 

varied) at 25 °C. The color of the solution changed to dark brown indicating the 

Water Cyclohex Triton Pentanol 10 °C 15 °C 20 °C 25 °C 30 C° 35 °C 40 °C 45 °C 50 °C 55 °C 60 °C 65 °C 70 °C

4.75 4.75 0.25 0.25 0.5 0.05 2 2 2 2 2 2 3 3 2 2 2 2 2

4.5 4.5 0.5 0.5 0.5 0.1 2 2 2 2 2 3 3 2 2 2 2 2 2

4 4 1 1 0.5 0.2 2 2 2 2 2 2 2 2 2 2 2 2 2

3.5 3.5 1.5 1.5 0.5 0.3 1 1 1 2 2 2 2 2 2 2 2 2 2

3 3 2 2 0.5 0.4 1 1 1 2 2 2 2 2 2 2 2 2 2

2.5 2.5 2.5 2.5 0.5 0.5 1 1 1 2 2 2 2 2 2 2 2 2 2

2 2 3 3 0.5 0.6 1 1 1 1 2 2 2 2 2 2 2 2 2

1.5 1.5 3.5 3.5 0.5 0.7 1 1 1 1 1 2 2 2 2 2 2 2 2

1.33 1.33 4 4 0.5 0.75 1 1 1 1 1 1 2 2 2 2 2 2 2

1.13 1.13 4.5 4.5 0.5 0.8 1 1 1 1 1 1 1 1 1 1 1 1 1

0.88 0.88 5 5 0.5 0.85 1 1 1 1 1 1 1 1 1 1 1 1 1

0.61 0.61 5.5 5.5 0.5 0.9 1 1 1 1 1 1 1 1 1 1 1 1 1

Mass (g)

α γ
Phase at temperature
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reduction of Pt ions to Pto species. Afterwards, the pre-calcined (if not varied) support 

material is added directly to the reactor and the temperature is increased to the 

destabilization temperature, to open the droplets and start the deposition. After 2 hours 

(if not varied), the stirrer is stopped. The supported catalyst is gravitationally settled 

and the mixture is cooled down. The catalyst is thoroughly separated from the mixture, 

washed with pure acetone carefully three times and then calcined at 300 °C for 2 hours. 

 

In case of the synthesis of Ag supported catalyst, the reduction process was completed 

after 30 minutes. A sample taken from the reaction solution is then measured in the 

UV-Vis spectrometer (to measure the final concentration of Ag) while the prepared 

support material is quickly fed into the reactor.  

 

 

Table 3.2 The compositions of microemulsions that are used in this work 

Microemulsion 

component 

Microemulsion   

I 

Microemulsion  

II 

Mass fraction 

α1 =  0.92  

γ1   =  0.3 

(ω1 = 12.96) 

α2 =  0.5  

γ2   =  0.7 

(ω2 = 14.88) 

α3 =  0.75  

γ3   =  0.4 

(ω3 = 26.96) 

Water phase 

H2PtCl6 N2H4 

5.6 15 15 

H2PtCl6 Ascorbic acid 

K2PtCl4 Ascorbic acid 

AgNO3 N2H4 

PdCl2 AA 

RuCl3 N2H4 

Oil phase Cyclohexane Cyclohexane 64.4 15 45 

Co-surfactant Pentanol Pentanol 15 35 20 

Surfactant Triton X-100  Triton X-100 15 35 20 

 

After 30 minutes of deposition, a sample is taken from the mixture to be measured in 

the UV-Vis spectrometer. Before measured with UV, the solid particles of the support 

must surely be settled onto the bottom of the cuvette. The clear reaction solution is 

then quickly replaced to another cuvette and its absorbance measured. Every 30 

minutes a sample was taken from the reaction solution to be measured to follow the 

deposition process. After the absorbance of the solution reaction show no significant 

increase anymore, the reaction is stopped.  
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The chemical reactions that are involved in the synthesis of metal nanoparticles during 

the collisions and interchange of the droplets are 

4262 PtHNPtClH →+

OHC2PtClH 68662 →+

OHCPtClK 68642 →+

Na2NaClPdCl( 2 →+

OHCPdClNa 68642 →+

422 Ru2HN2RuCl →+

242)(3 H .HNAgNO aq +

 

 

 

Figure 3.2 The reactor setup for synthesis of supported nanoparticles 
destabilzation of microemulsions 
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The chemical reactions that are involved in the synthesis of metal nanoparticles during 

the collisions and interchange of the droplets are the following. 

2
0 N6HClPt ++  

6HClOHC2Pt 666
0 ++→

 

2HCl2KClOHCPt 666
0 +++→

 

)PdClNa 42  

2HCl2NaClOHCPd 666
0 +++→

 

2
0 N4HClRu ++  

)(2)(2(s)
0

)(2 NOH  + 4Ag   O gaqaq +→
 

The reactor setup for synthesis of supported nanoparticles 
destabilzation of microemulsions  

 

The chemical reactions that are involved in the synthesis of metal nanoparticles during 

 

The reactor setup for synthesis of supported nanoparticles via thermo-



 

3.2.3  Catalytic testing

The produced supported metal catalysts 

substrates as shown in Table 3.2 in order to determine their activity. The reaction is 

performed in a 200-ml double

thermostat, flow controller and computer. The complete se

reaction system is schematically shown in Figure 3.3.

 

Figure 3.3 The hydrogenation reactor setup for catalytic testing

 

First of all, all the equipments such as thermostat (2), vacuum pump (5), pressure 

controller (8 and 10), mass 

reactor (1) is cleaned by rinsing it with acetone and then evacuated with vacuum pump 

by opening the valve (6)

closed. During the evacuation, 

indicator (11), to make sure that there is no leakage. The computer programs which 

connected to the controller (8) and mass flow meter (9) are then activated and the 

thermostat is regulated at 20 

into the reactor followed by adding 100 ml methanol (as the solvent) and certain 
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Catalytic testing 

The produced supported metal catalysts were tested in hydrogenation of some 

substrates as shown in Table 3.2 in order to determine their activity. The reaction is 

ml double-walled glass reactor which is equipped with a 

thermostat, flow controller and computer. The complete setup of hydrogenation 

reaction system is schematically shown in Figure 3.3. 

The hydrogenation reactor setup for catalytic testing

First of all, all the equipments such as thermostat (2), vacuum pump (5), pressure 

controller (8 and 10), mass flow meter (9), and computer (12), are turned on. The 

reactor (1) is cleaned by rinsing it with acetone and then evacuated with vacuum pump 

(6) until it reaches the lowest pressure, then the valve 

closed. During the evacuation, the pressure is checked by observing the pressure 

indicator (11), to make sure that there is no leakage. The computer programs which 

connected to the controller (8) and mass flow meter (9) are then activated and the 

thermostat is regulated at 20 oC. Afterwards, the weighed amount of catalyst is feed 

into the reactor followed by adding 100 ml methanol (as the solvent) and certain 

53 
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substrates as shown in Table 3.2 in order to determine their activity. The reaction is 

walled glass reactor which is equipped with a 

tup of hydrogenation 

 

The hydrogenation reactor setup for catalytic testing 

First of all, all the equipments such as thermostat (2), vacuum pump (5), pressure 

), are turned on. The 

reactor (1) is cleaned by rinsing it with acetone and then evacuated with vacuum pump 

until it reaches the lowest pressure, then the valve (6) is 

the pressure is checked by observing the pressure 

indicator (11), to make sure that there is no leakage. The computer programs which 

connected to the controller (8) and mass flow meter (9) are then activated and the 

ards, the weighed amount of catalyst is feed 

into the reactor followed by adding 100 ml methanol (as the solvent) and certain 
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amount of the substrate subsequently. 

properly and the mixture is evacuated by opening again valve 

indicator shows 300 mbar. After holding it for 1 minute, valve (4) is opened to fill the 

reactor with nitrogen until the pressure

process is done three times under a slow stirring (with the stirrer 3). Then the stirrer is 

adjusted to 1200 rpm and then turned off.  Figure 3.4 shows the excel program for the 

hydrogenation reaction. The experi

catalyst, the name and molar mass of substrate, the temperature and pressure of 

reaction, are added to the excel sheet (upper left). After that the valve (7) is opened to 

let hydrogen fill the reactor until the p

 

Figure 3.4 The excel program for the hydrogenation reaction.
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trate subsequently. All the openings of the reactor are closed 

properly and the mixture is evacuated by opening again valve (6) until the pressure 

indicator shows 300 mbar. After holding it for 1 minute, valve (4) is opened to fill the 

reactor with nitrogen until the pressure indicator shows 1100 mbar. This evacuation 

process is done three times under a slow stirring (with the stirrer 3). Then the stirrer is 

adjusted to 1200 rpm and then turned off.  Figure 3.4 shows the excel program for the 

hydrogenation reaction. The experimental data such as: the name and amount of 

catalyst, the name and molar mass of substrate, the temperature and pressure of 

reaction, are added to the excel sheet (upper left). After that the valve (7) is opened to 

let hydrogen fill the reactor until the pressure indicator (11) shows 1100 mbar. 

The excel program for the hydrogenation reaction.

 

All the openings of the reactor are closed 

until the pressure 

indicator shows 300 mbar. After holding it for 1 minute, valve (4) is opened to fill the 

indicator shows 1100 mbar. This evacuation 

process is done three times under a slow stirring (with the stirrer 3). Then the stirrer is 

adjusted to 1200 rpm and then turned off.  Figure 3.4 shows the excel program for the 

mental data such as: the name and amount of 

catalyst, the name and molar mass of substrate, the temperature and pressure of 

reaction, are added to the excel sheet (upper left). After that the valve (7) is opened to 

ressure indicator (11) shows 1100 mbar.  

 

The excel program for the hydrogenation reaction. 



 

The reaction is started by pushing the yellow ‘Los geht’ button on the computer screen 

(Figure 3.4, upper left).  simultaneously with switching on the 

H2 flow into the reactor is monitored over time and recorded on the excel sheet (upper 

right). The hydrogenation is considered complete when no more H

the reaction (constant value of column C in the bottom of Figure 

The list of hydrogenation reactions that were used for catalytic testing is shown in 

Figure 3.5. All the reaction were carried out with the same procedures, except the 

hydrogenation of levulinic acid, were performed at 70 °C and the H

1,3 bar instead of 1,1 bar. 

 

 

Figure 3.5 List of hydrogenation reactions for catalytic testing
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hydrogenation (first five minutes) divided by mass of the metal catalyst used in the 

reaction. 

Activity = 
r0

mPt
         �mol

s·g
�                                                                                            (3.1)                                    

An example for calculating the activity is available in Appendix C. The mass of the 

metal catalyst is determined by ICP analysis. The sample for ICP is prepared by the 

following steps. The metal supported catalyst that has been tested with hydrogenation 

reaction is collected in an Erlenmeyer flask followed by adding 50 ml of King water. 

The mixture is stirred with a magnetic stirrer overnight to make sure that all the metal 

has been dissolved in the King water. After the stirrer is turned off, the mixture is 

filtered with the Whatman filter paper. A portion of 20 ml from the filtrate is taken to 

be analyzed by ICP.  

 

 

3.4   Catalyst characterization 

The supported metal catalysts usually consist of nanoparticles with different size, 

shape, and crystal planes which affect their activity. The catalysts produced in this 

work were characterized with Transmission Electron Microscopy (TEM), Scanning 

Electron Microscopy (SEM), X-ray Diffraction (XRD), Brunauer-Emmett-Teller 

(BET) surface area, UV-spestroscopy,  Infrared Spectroscopy (IR), Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES), and Zeta potential (ζ-potential). In 

the following sections, these characterization techniques are presented in detail.  

 

3.4.1 Transmission Electron Microscopy (TEM)  

Transmission electron microscopy (TEM) is widely used technique for imaging 

nanoparticles at atomic resolution. The size and the shape of the metal nanoparticles 

either in the microemulsion or on the support catalyst in this work were investigated 

by TEM. The sample from the microemulsion was prepared by putting a drop of 

microemulsion on the carbon grid, and the organic substances were removed by plasma 

cleaning. The TEM was performed on the microemulsions by dropping small aliquots 

of the microemulsions onto TEM grids, allowing the solvent evaporates, and then 

washing the grids with the microemulsion with acetone to remove residual surfactant. 
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The sample from the supported metal catalyst was prepared by putting the fine 

fragments of the catalyst on the carbon grid.  The sample has to be thin to get a clear 

image.  The sample then subjected to a high voltage beam of electrons. The dark spots 

on the positive of the detecting film correspond to dense areas in the sample that inhibit 

electron transmission. These dark spots form the sketch of metal particles or 

crystallites and thus, their sizes can be determined. The TEM devices used for this 

study are Philips CM200/FEG high-resolution TEM (HRTEM) operated at 200 kV, 

FEI Titan 80-300 (sub-Angstrom resolution, able to investigate at atomic scale) and 

FEI TECNAI G2 20 S-TWIN transmission electron microscope equipped with a 

GATAN MS794 P charge-coupled device camera. All are equipped with an energy 

dispersive X-ray detector (EDX).  

 

3.4.2 Scanning Electron Microscope (SEM) 

Scanning electron microscope (SEM) is used in this work to analyze the dispersion of 

the metal nanoparticles on the outer part of the support material. SEM is a type of 

electron microscope that images a sample by scanning the surface of the sample with a 

high energy beam of electrons in a raster scan pattern. The interaction between the 

electrons and the sample produces different signals provides information about the 

surface of the sample. The spatial resolution of the SEM depends on the spot size of the 

electron and limited by the size of the interaction volume (the extent to which the 

material interacts with the electron beam). The spot size and the interaction volume are 

both large compared to the distances between atoms, so the resolution of the SEM is 

not high enough to image individual atoms, as is possible in the shorter wavelength (i.e. 

higher energy) TEM. In this work, the high resolution SEM Hitachi S-4000 was used.  

 

3.4.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

The amount of metal nanoparticles that are deposited on the support material was 

analyzed by ICP-OS. ICP is an analytical technique which uses plasma as the 

atomization and the excitation source. Plasma is an electrically neutral, highly ionized 

gas that consists of ions, electrons, and atoms. ICP operate with pure argon or helium, 

which makes perfect combustion. The sample was prepared by following step: 300 mg 

of supported metal catalyst is put into 50 ml of king water and stirred overnight to 

dissolve all the metal catalyst from the support material. Afterward the mixture is 
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filtered and the filtrated solution is collected as a sample to be analyzed with ICP. 

Argon gas is used to create the plasma in the device. The collision of the sample with 

electrons and charged ions in the plasma results in it being broken into charged ions 

and giving off radiation at the characteristic wavelengths of the elements involved. The 

intensities of the wavelengths are measured and by comparison with the wavelengths of 

known metal concentration (from standard solutions) give information about the metal 

content in the sample.  The device used in this study is the ICP-OES Element 2 

(Varian) at low resolution (sample gas 0,863 l/min; plasma power 1350 W). 

 

3.4.4 BET surface area measurement 

The Brunauer-Emmett-Teller (BET) method is commonly used for evaluating the 

surface area of either the supported metal catalysts or the support material. The 

concept of the BET theory is an extension of the Langmuir theory. One of the basic 

assumptions of Langmuir Adsorption Isotherm is that adsorption is monolayer. 

Langmuir adsorption equation is applicable under the conditions of low pressure. 

Under these low pressure conditions, gaseous molecules will possess high thermal 

energy and high escape velocity. As a result, less number of gaseous molecules would 

be available near the surface of adsorbent. Under the condition of high pressure and 

low temperature, thermal energy of gaseous molecules decreases and more and more 

gaseous molecules will be available per unit surface area. Due to this situation, 

multilayer adsorption will occur. The multilayer formation is explained by BET 

Theory.  

 

The BET equation describes the relationship between N2 volume adsorbed at a given 

partial pressure and the volume adsorbed at monolayer coverage. The BET equation is 

given as: 

 

P

Vtotal(P-P0)
=

1

VmonoC
+

c-1

VmonoC
� P

P0
�                    (3.2) 

 

 

Where Vmono is the adsorbed volume of gas at high pressure conditions to cover the 

surface with a monolayer of gaseous molecules, The ratio of K1/KL is designated C. K1 
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is the equilibrium constant when single molecule adsorbed per vacant site and KL is the 

equilibrium constant to the saturated vapor liquid equilibrium.  

The specific surface areas of the catalysts were measured by the BET method using N2 

adsorption at liquid N2 temperature in a Micromeritics Gemini III 237 Volumetric 

Surface Analyzer. The sample was outgassed at 200 oC for 1 h in order to desorb any 

impurities or moisture from its surface. The assumptions used to derive the BET 

isotherm are: molecules behave as ideal gas, nitrogen molecules can be adsorbed to each 

site, each adsorbed molecule provides a site for the adsorption of the molecule in the 

layer above it, all sites on the surface are equivalent, no interaction between the 

adsorbates, an adsorbed molecule is motionless, and nitrogen in the second and higher 

layers are assumed to be liquid like. 

 
 

3.4.5 X-Ray Diffraction (XRD) 

X-ray scattering technique was used to investigate the crystallite size and the 

crystallographic structure.  X-rays are energetic enough to penetrate into the material 

and their wavelengths are of the same order of magnitude as inter-atomic distances in 

solids. Thus, a accumulated beam of X-rays is diffracted by the crystalline phases in the 

sample according to Bragg’s Law : 

 
n λ  =  2d sin θ               (3.3) 

 
Where λ is the wavelength of the X-rays, d is the distance between two atomic planes 

in the crystalline phase, n is the order of the diffraction, and θ the incoming diffraction 

angle. The angles of diffraction vary for the different planes within the crystal. Thus, 

every compound or element has its own unique diffraction pattern. The larger the 

crystals of a given component, the sharper the peaks on the XRD pattern for each 

crystal plane will be. The structural characterization of the supported metal catalysts 

was performed by using a D8 ADVANCE X-ray Diffractometer from Bruker AXS 

equipped with a position-sensitive LynxEye detector (PSD) and a CuKα source by 

setting the voltage to 40 kV and the current to 40 mA. The XRD profiles for each 

catalyst were recorded by using the following scan parameters: 2 θ range from 15 to 

80°. 
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3.4.6 Zeta potential (ζ-potential) 

Particles can bear either positive or negative charges. In this work, the charge of the 

particles was measured by Zeta potential to analyze the interaction between the metal 

nanoparticles and the support material. Zeta potential is defined as the potential 

difference between the dispersion medium and the stationery layer of fluid attached to 

the dispersed particle. Positively charged particles are more likely to interact with 

negatively charged particles and vice versa. Particles with same type of charges repulse 

each other. Highly charged particles, positive or negative, are therefore less likely to 

agglomerate due to the electric repulsion. Zeta potential is expressed in millivolts and 

usually found in the range of -70 mV to +70 mV. When the potential is low, attraction 

exceeds repulsion and the dispersion will break and flocculate. The effective surface 

charges (ζ-Potential) on the metal nanoparticles and support materials were measured 

using zeta-potential Zen 3600 (Malvern Instruments Zetasizer, Worcestershire, UK) 

equipment, with samples thermostated at 25 oC. 

 

 

3.4.7. UV-Vis spectrometer 

Due to the ability to interact with light, silver (Ag) nanoparticles display strong 

plasmon resonances tuned to any wavelength in the visible spectrum. In this work, the 

concentration of Ag nanoparticles in the microemulsions was quantified by UV-Visible 

spectroscopy method. By this way, the yield of the Ag nanoparticles that are 

successfully deposited on the metal supports can be measured by measuring the 

absorbance of the microemulsion (after the solid particles of the support is settled onto 

the bottom of the cuvette).  
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A new method to synthesize very 
active and stable supported metal Pt 
catalysts:  thermo-destabilization of  
microemulsions 

 

 

 

4.1 Introduction 

Efforts to increase the activity of catalytic nanoparticles are no longer focused only on 

reducing their size. Knowing that nanoparticles of the same size but different shape 

perform differently, many researchers are trying to control the shapes of the 

nanoparticles.1 New strategies have been developed to produce multifaceted crystals. 

These are very active because the more faces the crystals have, the higher the 

concentration of atomic steps and edges that are readily available to participate in 

chemical reactions. 

 

During the last decade, there has been a lot of interest in the synthesis of Platinum 

nanoparticles of different shapes such as tetrahedral, cubic, nanowire, tetrapods, etc.1 

Although many have successfully been produced with different shapes, they still remain 

in the colloidal state which can only be stable for a limited time. To create more stable 

catalysts, nanoparticles need to be deposited on a support material. In general, it is 

difficult to preserve the size and shape of nanoparticles during the deposition process. 

Furthermore, one also has to consider the dispersion of nanoparticles on the support 

because it affects the catalyst performance.  



62 

 

Conventionally supported Pt

material.2–6 However, in some cases a

surface Pt atoms/total number of Pt atoms) was observed.

been frequently used is synthesizing both Pt

simultaneously.8,9 Unfortunately, this results not only 

size and dispersion but it is also hard to explain the influence of the preparation 

parameters on the performance of the catalysts.

 

Microemulsions (µE) are used as medi

possible control of the size and shape of the nanoparticles

such as the water to surfactant ratio (

concentration of metal salt, etc. 

via µE is the collision and exchange of water droplets as depicted in Figure 4.1. When 

µE containing the Pt-precursor is mixed with

very fast collision and exchange between the drop

of the water droplets in the 

 

Figure 4.1

Chapter 4 
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surface Pt atoms/total number of Pt atoms) was observed.7 Another attempt that has 

been frequently used is synthesizing both Pt-nanoparticles and the support material 

Unfortunately, this results not only in poor control of metal particle 

size and dispersion but it is also hard to explain the influence of the preparation 

parameters on the performance of the catalysts. 

E) are used as media to synthesize Pt-metal catalysts due to the 

control of the size and shape of the nanoparticles10–13 by adjusting parameters 

such as the water to surfactant ratio (ω), kind of surfactant, kind of precursor, initial 

concentration of metal salt, etc. The fundamental step for the synthesis of nanoparticles 

E is the collision and exchange of water droplets as depicted in Figure 4.1. When 

precursor is mixed with a µE containing the reducing agent, a 

very fast collision and exchange between the droplets occurs due to the dynamic nature 

of the water droplets in the µE system.  
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The chemical reaction takes place during these processes. Once the solution becomes 

supersaturated, the nuclei of Platinum nanoparticles are generated and then the growth 

of the particles takes place inside the water pool until unstable particles are produced. 

These unstable particles then agglomerate to form bigger particles and after 

subsequently ripening they become a stable crystal nanoparticle. However as 

previously mentioned, it is far better to deposit the metal nanoparticles on a support 

material to increase the thermal and mechanical stability. 

 

Several methods to deposit Pt-nanoparticles from water in oil microemulsions have 

been reported. For example, one can use an organic solvent to destabilize the 

microemulsions.14 The support is added to the nanoparticle suspension and the 

microemulsion is destabilized by addition of an organic solvent. The catalyst 

suspension is then stirred, filtered, washed and calcined. By this method, the size of the 

produced nanoparticles is in the range of 20 – 40 nm with agglomeration. Another 

method is synthesizing the support simultaneously with the nanoparticles.15 The 

drawback of this method is that some of the metal particles become completely 

embedded in the supporting metal oxide, which reduces the available surface area of the 

active phase. The size of produced nanoparticles is in the range of 4.7 – 34.5 nm also 

with agglomeration. A third method is redispersion of nanoparticles in aqueous 

surfactant solution.13 The TEM images from the latter method showed some large Pt 

nanoparticles (10 – 80 nm) on the support with a high degree of agglomeration. 

 

In this chapter, we introduce a novel and simple method to prepare highly active and 

stable supported Pt nanoparticles at room temperature, namely thermal-destabilization 

of microemulsion. The characteristic features of this method are firstly, the ability to 

design the size and the shape of nanoparticles and secondly, the ability to control the 

dispersion of designed nanoparticles on the support during the deposition process. The 

first feature is accomplished by choosing the appropriate surfactant, co-surfactant, 

reducing agent, and metal precursor with their proper concentrations. The second 

feature is achieved by adjusting the rate of heating, the choice of support material, and 

the mixing conditions to create a well mixed system. All substances can be chosen by 

conducting various test experiments as described in the Section Result and Discussion. 

Before depositing the nanoparticles on a support, the phase diagram of the 

microemulsion needs to be studied to determine the temperature range for the 

deposition (see upper right in Figure 4.2). 
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The strategy in the deposition process is to utilize the temperature path which changes 

the phase behavior of the microemulsions from 1-phase to 2-phases (bottom right in 

Figure 4.2). At the phase boundary (point b), the water droplets start to destabilize (the 

monolayer of surfactant molecules are broken). The opening of the droplets occurs 

simultaneously, the nanoparticles are released and directly deposited to the support 

material without agglomeration.  

 

 

 

Figure 4.2 Principle of the deposition process for Pt nanoparticles via thermo-
destabilisation of µE: schematic phase prism (upper right), schematic experimental setup 
for phase behaviour observation (upper left), flowchart of synthesis (bottom left), and 
illustration of the deposition process. 
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This way, Pt particles can be evenly deposited on both the surface and the pores of the 

support material whilst preserving the size and the shape of the nanoparticles. By this 

method it is thus possible to produce small, multifaceted nanoparticles well dispersed 

on to support material (almost) without agglomeration.  

 

The advantages of using this method are the following: (1) it does not need a protecting 

or capping agent either in producing multifaceted nanoparticles or in depositing them 

onto the support to prevent agglomeration, which other methods do 16–19; (2) one can 

overcome the difficulty in controlling and terminating the growth during the initial 

stages, in order to obtain monodisperse size distribution20, by stopping the reaction and 

putting the particles directly onto the support; (3) it is possible to reuse the surfactant 

and organic solvent, thus overcoming the hypothetical drawback that the µE method 

employs a large amount of surfactant and organic solvent 21; (4)  by choosing the 

proper surfactant, the synthesis and deposition process can be carried out at a range 

from room temperature to an only little higher temperature, thus saving energy costs. 

To re-emphasize, not only is this synthesis method simple and inexpensive but also 

allows unrestricted control over the size and shape of nanoparticles as well as the 

dispersion on the support material. 

 

4.2   Experimental Section  

4.2.1 Materials 

The chemicals used in the preparation of Pt nanoparticles were the following: 

Hexachloroplatinic acid hydrate (99.9%, Sigma Aldrich) as Platinum precursor, 

hydrazine monohydrate (98%, Sigma Aldrich) as reducing agent, Cyclohexane (≥ 

99.5%, Carl Roth) as oil phase and 1-pentanol (≥ 98%, Carl Roth) as co-surfactant. The 

surfactants were the following: (1) non-ionic surfactants: 2-[4-(2,4,4-trimethylpentan-

2-yl)phenoxy]ethanol (trade name: Triton X-100, ~100% purity, Sigma-Aldrich) and 

[2-[(2R,3S,4R)-3,4-dihydroxyoxolan-2-yl]-2-hydroxyethyl] (Z)-octadec-9-enoate 

(trade name: Span 80, ~70% purity, Sigma Aldrich); (2) anionic surfactant: sodium 1,4-

bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate (trade name: AOT, 98% purity, Sigma 

Aldrich); (3) cationic surfactant: Cetyl trimethylammonium bromide (CTAB, ~99% 

purity, Sigma Aldrich). All the chemicals above were used without further purification. 
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Different kinds of support materials were used in deposition of the platinum 

nanocatalysts: γ-Al2O3 (Alfa Aesar and Sigma Aldrich), α-Al2O3 (Alfa Aesar), SiO2 

(Sigma Aldrich) and self prepared SBA-15 according to the method reported by Zhao 

et.al.22 All supports were pre-calcined before use. Acetone (≥ 99.8% purity, Carl Roth) 

as washing agent was used as received. The chemicals used for the hydrogenation 

reactions were methanol (≥ 99.9% purity, Carl Roth) as solvent and α-methyl styrene 

(99% purity, Sigma Aldrich) as reactant; both were used as received.  

 

4.2.2 Catalyst Preparation 

4.2.2.1 Phase Behaviour of Microemulsion Systems 

Prior to synthesis of supported Pt nanoparticles, the phase diagram of the 

microemulsion needs to be established. In principle, we want to find a composition 

which can produce a microemulsion with small droplet size at room temperature, and 

also to select the proper temperature for the destabilization process.  

 

The mass fraction of oil in oil and water mixtures is defined by α. The mass fraction of 

surfactant is determined by γ. Because we use a co-surfactant to stimulate rapid 

coalescence1, surfactant is considered now as a pseudo single phase. Hence, γ = (ms + 

mco-s )/(mw + mo+ ms + mco-s). The mass ratio of co-sufactant to surfactant is defined by 

δ.  The molar ratio of water to surfactant indicating the size of water droplet is defined 

by ω.  The complete phase behavior microemulsions is usually depicted by a ternary-

phase diagram. It is constructed using the relative amounts the three components of 

microemulsions i.e. water phase, oil phase and surfactant. At constant pressure, the 

ternary phase diagram can be represented as a prism with the Gibbs triangle as the 

bottom part, and temperature (T) as the ordinate as shown in Figure 1 (upper right). 

The composition variables at each side of the Gibbs triangle are expressed with α and 

γ. It is rather complex and time consuming to construct such a phase prism diagram. 

Because we only want to focus on the phase evolution at different temperatures, it is 

not necessary to determine the entire coexistence region and phase boundaries within 

the Gibbs triangle.  By observing the phase behavior of microemulsions (at fixed value 

of α and various (γ) at different temperature, a ‘fish diagram’ can be established, as 

shown in Figure 4.2 (right side). Experimentally, this diagram is constructed by 
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conducting an experiment as illustrated in Figure 1 (upper left). Test tubes were filled 

with microemulsions with different composition of surfactants (γ= 0.025 – 0.85) at the 

fixed value of α. The first trial is α =0.5 and the second is α = 0.92. The latter α is 

chosen by rigorously conducted trial and error experiments, because we want to reduce 

more the water droplet size. The total volume was 7.5 ml. The test tubes were 

immersed in a thermostated-water glass bath. The phase behavior was observed by 

increasing the temperature every 5 °C (holding 15 minutes) from 10 °C to 70 °C. This 

procedure was applied for each different type of surfactant. 

 

4.2.2.2 Synthesis of nanoparticles and deposition process. 

The microemulsion system for preparing Pt nanoparticles comprises of the water phase 

either with hexachloroplatinic(IV) acid (H2PtCl6) or hydrazine, Triton X-100 as the 

surfactant, pentanol as co-surfactant and cyclohexane as the oil phase. The 

compositions used in the experiments are listed in Table 4.1, except for the experiment 

where the concentration was varied. The synthesis of the platinum nanoparticles was 

carried out in a 200 ml double-wall glass reactor equipped with a three parallel two-

blade impeller. The hydrazine microemulsion was added slowly to the reactor, which 

had already been filled with the Pt salt microemulsion, by a micro pump (0.2 ml/s). The 

mixture was stirred at 700 rpm for 30 minutes at room temperature to form colloidal 

stabilized Pt nanoparticles.   

 

Table 4.1 The composition of microemulsions used in the experiments 

 

Microemulsion I Microemulsion II 

%-wt 

ω1 = 13 

(α1 = 0.92, γ1 = 0.3) 

ω2 = 15 

(α2= 0.5, γ2 = 0.7) 

Water phase 2.55 mM H2PtCl6 18.35 mM Hydrazine 5.6 15 

Oil phase Cyclohexane  Cyclohexane  64.4 15 

Co-surfactant Pentanol Pentanol 15 35 

Surfactant Triton X-100 Triton X-100 15 35 

 

Then the pre-calcined support (500 oC for 2 hours) was added to the mixture, and the 

Pt nanoparticles were deposited on the support material by heating up the 

microemulsion to the destabilization temperature. To reach the destabilization 
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temperature, different heating rates were used.  (The temperature of the reactor system 

was adjusted by a thermostat, which was connected to computer program to regulate 

the heating rate). After the deposition process, the mixture was cooled down. After all 

the supported catalysts precipitated, they were carefully separated from the solution 

and washed three times with pure acetone and subsequently calcined. The flowchart of 

this synthesis method is presented in Figure 4.2 (bottom left). 

 

4.2.2.3. Activity testing in hydrogenation reaction   

To ensure the accuracy of activity testing, all catalysts were kept away from contact 

with air. We tested the catalysts in the hydrogenation of α-methyl styrene (AMS) at 20 

oC and 1.1 bar. The hydrogenations were performed in a 200 ml double-walled glass 

reactor equipped with glass baffles and a gas-dispersion stirrer. The scheme of the 

hydrogenation reactor set-up is presented by Milano et.al. 23 Hydrogen and nitrogen 

gas lines were attached to the reactor. A vacuum pump was attached to evacuate the 

reactor. The reactor system was connected to a pressure controller (to keep the 

pressure constant) and a flow meter (to measure the hydrogen required to replace the 

amount of hydrogen consumed by the reaction). Both were connected to a computer 

with a control program.  

 
The supported platinum catalyst was added to the reactor, subsequently with adding 

100 ml methanol as solvent and 1 g AMS, respectively. The reactor was closed and 

sealed followed by the reduction of pressure down to 0.2 bar (and holding it for 5 

minutes in order to check for a gas leakage). Having ensured that there was no leakage, 

the mixture was stirred at 600 rpm and 20 °C for 20 minutes. The reactor was 

evacuated three times, by reducing the pressure to 180 mbar, and then refilled with 

nitrogen. Afterward the reactor was evacuated to 180 mbar and filled with hydrogen 

until it reached a total pressure of 1.1 bar. The computer program was started along 

with the stirring up the mixture at 1200 rpm. The reaction was stopped when the data 

acquisition indicated that there was no further hydrogen consumed in the reaction. A 

representative reaction profile is presented in the Figure 4.3. Based on the fact that one 

molecule hydrogen is needed per one double bond of AMS (nproduct = nH2), the moles of 

product can be calculated by the moles of consumed hydrogen. The rate of product 

formation is calculated from eq. (4.1), based on the ideal gas law, using the rate of 

hydrogen consumption which was measured by the flow meter. 
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Figure 4.3 A representative profile of α-methyl styrene (AMS) hydrogenation with 0.01 
wt% Pt/Al2O3 at 20oC and 1 bar 
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By dividing the value of dnproduct/dt by the amount of Pt metal on the support (analyzed 

by ICP), we get the value of activity as shown in eq.(4.2). 

( )
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sgµmolActivity

⋅
=⋅⋅ −−

 (4.2) 

 

Therefore, to measure the performance of the catalyst we use Activity instead of TOF 

because we assume all the metal atoms deposited on the support are surface active. In 

all of our catalytic testing experiments, the reaction rates were compared at the same 

reaction conditions. A few repeated experiments show that the reproducibility of the 

rate was found to be less than 5 % error.  
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4.2.2.4 Characterization and Analysis Methods 

The shape, size, and lattice structure of the Pt nanoparticles were investigated by 

transmission electron microscope (TEM) at an FEI Titan 80-300 (sub-Angstrom 

resolution, able to investigate at atomic scale), and also with FEI Tecnai G2 S-Twin 

TEM and Philips CM200/FEG high-resolution TEM (HRTEM) operated at 200 kV. 

Both microscopes are equipped with an energy dispersive x-ray detector (EDX). The 

TEM grids were prepared for imaging by placing a small drop of the specimen solution 

on a copper grid having an amorphous carbon film less than 20 nm thick and allowing 

it to dry completely in air at ambient temperature. Pt content of the support catalysts 

were analyzed by ICP-OES Element 2 (Varian) at low resolution (sample gas 0.863 

L/min; plasma power 1350 W).  

 

4.3  Results and discussion 

To obtain stable and active supported Pt catalysts, optimal conditions for synthesis and 

deposition have to be found. In this section, the impact of the most important 

parameters will be discussed by comparing the catalytic activity in the hydrogenation 

of AMS. This discussion is supported by a detailed analysis of the catalyst structure by 

conventional methods. 

 

4.3.1 Choosing the surfactant and co-surfactant 

It has been shown by various studies that the choice of surfactant is critical to the size, 

shape and stability of the prepared particles.24 The rigidity of the surfactant film plays a 

crucial role in guiding the morphology of the product formed.25 In our work, we 

consider not only those factors, but also the surfactant’s ability to produce a one-phase 

microemulsion at room temperature and the temperature range of destabilization. The 

phase diagrams of microemulsions containing different surfactants are shown in Figure 

4.4.  

 

By considering that system formulated with ionic surfactants (Figure 4.4 c and d) 

cannot produce one-phase regions at room temperature and Span 80-containing 

microemulsions change their phase around room temperature (Figure 4.4 b), we 
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decided to choose Triton X

ensure that the shape of nanoparti

of other parameters must be annulled. This is achieved by adding the co

choosing a solvent that can promote a fast growth rate of nanoparticles in the 

droplets. We decided to use

microemulsion formation, but also rapid coalescence.

 

Figure 4.4 Phase diagram
0.5) as a function of surfactant concentration (
surfactants. 

 

 

4.3.2 Choosing the solvent

The solvent can affect the hydrodynamic radius and thickness of the surfactant layer of 

the micelles. The more bulky the structure of 

the more rigid is the surfactant curvature and the slower the 

In our research, we chose a less bulky solvent cyclohexane, because it is able to 

penetrate the surfactant tails efficiently duri

growth rate of nanoparticles is faster, thus ensuring that the size and the shape of 

produced nanoparticles is affected only by the surfactant. In case another hydrocarbon 
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decided to choose Triton X-100 as surfactant (Figure 4.4 a) for further experiments. 

ensure that the shape of nanoparticles is only controlled by the surfactant, the influence 

other parameters must be annulled. This is achieved by adding the co

solvent that can promote a fast growth rate of nanoparticles in the 

. We decided to use pentanol as a co-surfactant because it not only caused rapid 

microemulsion formation, but also rapid coalescence.26 

Phase diagrams of microemulsions with equal amounts of oil and water (
function of surfactant concentration (γ) and temperature (T) 

Choosing the solvent 

The solvent can affect the hydrodynamic radius and thickness of the surfactant layer of 

the micelles. The more bulky the structure of the solvent (larger molecular volume), 

the more rigid is the surfactant curvature and the slower the droplet exchange will be. 

In our research, we chose a less bulky solvent cyclohexane, because it is able to 

penetrate the surfactant tails efficiently during droplet exchange.25 

growth rate of nanoparticles is faster, thus ensuring that the size and the shape of 

produced nanoparticles is affected only by the surfactant. In case another hydrocarbon 

catalysts  71 

100 as surfactant (Figure 4.4 a) for further experiments. To 

cles is only controlled by the surfactant, the influence 

other parameters must be annulled. This is achieved by adding the co-surfactant and 

solvent that can promote a fast growth rate of nanoparticles in the water 

surfactant because it not only caused rapid 

 

of microemulsions with equal amounts of oil and water (α = 
 for four different 

The solvent can affect the hydrodynamic radius and thickness of the surfactant layer of 

the solvent (larger molecular volume), 

exchange will be. 

In our research, we chose a less bulky solvent cyclohexane, because it is able to 

 As a result, the 

growth rate of nanoparticles is faster, thus ensuring that the size and the shape of 

produced nanoparticles is affected only by the surfactant. In case another hydrocarbon 
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is selected as solvent, a suitable nonionic surfactant has to be chosen according to the 

well known relations in the phase behavior of water-oil-surfactant systems.  

 

4.3.3 Choosing the precursor 

In this study, we chose a strong reducing agent N2H4 to ensure a fast reduction process 

in the nucleation process so that the shape in the formation of Pt crystal is controlled 

only by surfactant. However, we had no particular reason in choosing H2PtCl6 as the Pt 

precursor, although in our recent study we found that using K2PtCl4 as the Pt 

precursor results in different shape of Pt particle.  

 

4.3.4 The effect of the heating rate 

The critical step of preparing the supported catalyst by thermo-destabilization of µE 

method is the heating process. The mixing of both microemulsions containing 

hexachloroplatinic acid and hydrazine was performed at room temperature. The 

produced nanoparticles were released from the water pools by increasing the 

temperature of the mixture. In this work, we tested two different ways of heating up 

the mixture to release the nanoparticles. The first way is to increase the temperature 

with a constant rate (1, 0.25 or 0.067 °C/min) and the second way is to increase the 

temperature stepwise (1°C/15 min). The catalyst prepared at the fastest heating rate 

has the highest activity (Figure 4.5).  

 

The explanation for this event is related to the residence time of unprotected 

nanoparticles in the microemulsions. The faster the heating rate, the faster is the 

opening of the droplets and the shorter they stay freely in the destabilized 

microemulsions. As a result, the tendency of the particles to agglomerate is reduced, 

thus they are more active. By observing this, we chose the fastest heating rate 

(according to our thermostat capacity) to destabilize the microemulsions.  
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Figure 4.5 The activities of the produced catalysts prepared in different heating rates

 

4.3.5 Effect of the support

To optimize the deposition process, we tested the method of feeding the support into 

the reactor prior to deposition process, i.e. before or after the opening of 

droplets. We observed that the catalyst prepared by feeding the support into the 

reactor after opening the 

the support into the reactor after opening the 

agglomerate before their contact with the support. This strongly confirms the result 

from Figure 4.5 that the nanoparticles tend to agglomerate if they are not immediately 

deposited and stabilized on the support. In all further experiments we fed the support 

into the reactor before opening the 

 

4.3.6 Effect of the growing time

The most interesting part of our method is that we can produce a catalyst according to 

the desired particle growth by stopping the reaction and immediately putting the 

particles on the support. This growth interruption may result in nanoparticles with 

smaller diameter. In this method, this aspect can be further developed because many 

authors have found that the shape and size of Pt nanoparticles change during the 

growing time.1,25,26,27 The growth mechanism during the course of reaction in 

microemulsions has been pr
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The activities of the produced catalysts prepared in different heating rates

4.3.5 Effect of the support feeding prior to deposition process 

To optimize the deposition process, we tested the method of feeding the support into 

the reactor prior to deposition process, i.e. before or after the opening of 

s. We observed that the catalyst prepared by feeding the support into the 

ctor after opening the droplets was less active (Figure 4.6). Undoubtedly, feeding 

the support into the reactor after opening the droplets allows the particles to 

agglomerate before their contact with the support. This strongly confirms the result 

ure 4.5 that the nanoparticles tend to agglomerate if they are not immediately 

deposited and stabilized on the support. In all further experiments we fed the support 

into the reactor before opening the droplets. 

Effect of the growing time 

interesting part of our method is that we can produce a catalyst according to 

the desired particle growth by stopping the reaction and immediately putting the 

particles on the support. This growth interruption may result in nanoparticles with 

ter. In this method, this aspect can be further developed because many 

authors have found that the shape and size of Pt nanoparticles change during the 

The growth mechanism during the course of reaction in 

microemulsions has been proposed by some groups.20,27 
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To optimize the deposition process, we tested the method of feeding the support into 

the reactor prior to deposition process, i.e. before or after the opening of the water 

s. We observed that the catalyst prepared by feeding the support into the 

s was less active (Figure 4.6). Undoubtedly, feeding 

s allows the particles to 

agglomerate before their contact with the support. This strongly confirms the result 

ure 4.5 that the nanoparticles tend to agglomerate if they are not immediately 

deposited and stabilized on the support. In all further experiments we fed the support 

interesting part of our method is that we can produce a catalyst according to 

the desired particle growth by stopping the reaction and immediately putting the 

particles on the support. This growth interruption may result in nanoparticles with 

ter. In this method, this aspect can be further developed because many 

authors have found that the shape and size of Pt nanoparticles change during the 

The growth mechanism during the course of reaction in 
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Figure 4.6 The activities of the Pt

to deposition process 

 

The stages of nucleation and growth which are related to controlling the size and shape 

of Pt nanocrystals has been well illustrated by Tsung et.al.

that nearly monodisperse size distri

and growth either by stopping the reaction or by supplying a reactant source to 

maintain a saturated condition during the course of the reaction.

particles starts when Pt+4

interdroplet exchange or coalescence, according to the following reaction:  

4262 PtHNClPtH
IV

→+
+

 

We observed that the activity of the catalyst depends on the si

(Figure 4.7). From the TEM image in Figure 4.7a, one can see that there are only few 

atoms grouped in nanoparticles after 1 minute. The activity of this catalyst is low 

because few active sites are available to promote the surface react

status of these particles has passed the nucleation stage and is already in crystal growth 

(see Figure 4.2). The activity of the catalyst produced in 15 minutes is lower than that 

produced within 1 minute. Figure 4.7b implies that al

they are probably in the transition process of agglomeration and ripening to form a 

defined crystal structure. Therefore, in the deposition process, they presumably spread 
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The activities of the Pt-catalysts prepared in different support feeding prior 

The stages of nucleation and growth which are related to controlling the size and shape 

of Pt nanocrystals has been well illustrated by Tsung et.al.28 It also has been reported 

that nearly monodisperse size distribution can be obtained at the stage of nucleation 

and growth either by stopping the reaction or by supplying a reactant source to 

maintain a saturated condition during the course of the reaction.20 The formation 

+4 ions come in contact with the reducing agent N

exchange or coalescence, according to the following reaction:  

2
0 6 NHClPt ++  

We observed that the activity of the catalyst depends on the size of the particles 

(Figure 4.7). From the TEM image in Figure 4.7a, one can see that there are only few 

atoms grouped in nanoparticles after 1 minute. The activity of this catalyst is low 

because few active sites are available to promote the surface reaction. It seems that the 

status of these particles has passed the nucleation stage and is already in crystal growth 

(see Figure 4.2). The activity of the catalyst produced in 15 minutes is lower than that 

produced within 1 minute. Figure 4.7b implies that although many particles are formed, 

they are probably in the transition process of agglomeration and ripening to form a 

defined crystal structure. Therefore, in the deposition process, they presumably spread 

Method of destabilization of the water droplets 

 

 

catalysts prepared in different support feeding prior 

The stages of nucleation and growth which are related to controlling the size and shape 

It also has been reported 

bution can be obtained at the stage of nucleation 

and growth either by stopping the reaction or by supplying a reactant source to 

The formation of Pt 

ions come in contact with the reducing agent N2H4, through 

exchange or coalescence, according to the following reaction:   

ze of the particles 

(Figure 4.7). From the TEM image in Figure 4.7a, one can see that there are only few 

atoms grouped in nanoparticles after 1 minute. The activity of this catalyst is low 

ion. It seems that the 

status of these particles has passed the nucleation stage and is already in crystal growth 

(see Figure 4.2). The activity of the catalyst produced in 15 minutes is lower than that 

though many particles are formed, 

they are probably in the transition process of agglomeration and ripening to form a 

defined crystal structure. Therefore, in the deposition process, they presumably spread 
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over the support material but only form two dimens

active sites. Compared to the particles obtained after 15 minutes, after 30 minutes, a 

three dimensional (3D) crystal structure has been formed characterized by a clear 2D 

hexagonal shape (Figure 4.7c).

 

 

Figure 4.7  The activities of the produced catalysts prepared in different growing times 

and the corresponding TEM images: a,b,c are the Pt particles after growing 1 min, 15 min 

and 30 min respectively. 

 

 

The hexagonal structure can be predicted to a truncated octahe

construction.29 In the TEM investigations, the Pt nanoparticles in the water phase 

were moving when they were irradiated by the electron beam in TEM, therefore the 

high-resolution TEM images

TEM images and the Fast Fourier Transform pattern with the results from other 

publications29–32 (Table 4.2) which said it is a truncated octahedral, we would like to 

conclude that our particle is also truncated octahedral. This multifaceted crystal has 

atomic steps and terraces which can enhance the activity of catalyst;

particles which grow for 30 minutes show higher 
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over the support material but only form two dimensional structure which has less 

active sites. Compared to the particles obtained after 15 minutes, after 30 minutes, a 

three dimensional (3D) crystal structure has been formed characterized by a clear 2D 

hexagonal shape (Figure 4.7c). 

The activities of the produced catalysts prepared in different growing times 

and the corresponding TEM images: a,b,c are the Pt particles after growing 1 min, 15 min 

 

The hexagonal structure can be predicted to a truncated octahedral based on the Wulff 

In the TEM investigations, the Pt nanoparticles in the water phase 

were moving when they were irradiated by the electron beam in TEM, therefore the 

resolution TEM images are not very clear. But based on the similarity of our 

TEM images and the Fast Fourier Transform pattern with the results from other 

(Table 4.2) which said it is a truncated octahedral, we would like to 

clude that our particle is also truncated octahedral. This multifaceted crystal has 

atomic steps and terraces which can enhance the activity of catalyst;

particles which grow for 30 minutes show higher activity. 
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The activities of the produced catalysts prepared in different growing times 

and the corresponding TEM images: a,b,c are the Pt particles after growing 1 min, 15 min 

dral based on the Wulff 

In the TEM investigations, the Pt nanoparticles in the water phase 

were moving when they were irradiated by the electron beam in TEM, therefore the 

are not very clear. But based on the similarity of our 

TEM images and the Fast Fourier Transform pattern with the results from other 

(Table 4.2) which said it is a truncated octahedral, we would like to 

clude that our particle is also truncated octahedral. This multifaceted crystal has 

atomic steps and terraces which can enhance the activity of catalyst;31 hence, the 
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The nuclei may grow by reducing the Pt 

{111} surfaces, to form truncated octahedron nanoparticles.

shape has more faces and causes the higher concentration of atomic step edges

readily available to participate in chemical reactions. 

minutes particles have already reached a stable size, wherein they will grow by 

combining with small unstable nuclei and not by collisions with other stable p

4.3.7 The effect of the initial concentration ratio

In designing the nanoparticles inside of the 

initial concentrations of the precursor and reducing agent also need to be considered. 

has been reported that with increasing the concentration of hydrazine while the 

concentration of metal salt is kept constant, a decrease in particle size is obse

vice versa, increasing the concentration of the metal precursor while the concentration 

of hydrazine is kept constant can also increases the particle size.

highest activity was achieved by the catalyst produced with an 100 fold excess of 

reducing agent (Figure 4.8). This indicates that the more complete (without Pt

the solution) and faster the precipitation of nanoparticles facilitated

reducing agent, the more active is the catalyst. This is in agreement with the results 

reported by Niesz et.al. 

particles. 

 

Figure 4.8 Activities of the Pt
concentrations 
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The nuclei may grow by reducing the Pt 4+ ions, mainly on the most catalytically active 

{111} surfaces, to form truncated octahedron nanoparticles.33 This well defined crystal 

more faces and causes the higher concentration of atomic step edges

readily available to participate in chemical reactions. It is most likely that after 30 

minutes particles have already reached a stable size, wherein they will grow by 

combining with small unstable nuclei and not by collisions with other stable p

4.3.7 The effect of the initial concentration ratio 

oparticles inside of the water droplets, as it has been studied,

initial concentrations of the precursor and reducing agent also need to be considered. 

has been reported that with increasing the concentration of hydrazine while the 

concentration of metal salt is kept constant, a decrease in particle size is obse

vice versa, increasing the concentration of the metal precursor while the concentration 

of hydrazine is kept constant can also increases the particle size.35 We obse

highest activity was achieved by the catalyst produced with an 100 fold excess of 

reducing agent (Figure 4.8). This indicates that the more complete (without Pt

the solution) and faster the precipitation of nanoparticles facilitated by giving excess 

reducing agent, the more active is the catalyst. This is in agreement with the results 

reported by Niesz et.al. 36 which show that faster reduction of Pt ions leads to small 

Activities of the Pt-catalysts prepared with different ratio
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ions, mainly on the most catalytically active 

This well defined crystal 

more faces and causes the higher concentration of atomic step edges that are 

It is most likely that after 30 

minutes particles have already reached a stable size, wherein they will grow by 

combining with small unstable nuclei and not by collisions with other stable particles.20 

s, as it has been studied,34 the 

initial concentrations of the precursor and reducing agent also need to be considered. It 

has been reported that with increasing the concentration of hydrazine while the 

concentration of metal salt is kept constant, a decrease in particle size is observed.9 In 

vice versa, increasing the concentration of the metal precursor while the concentration 

We observed that the 

highest activity was achieved by the catalyst produced with an 100 fold excess of 

reducing agent (Figure 4.8). This indicates that the more complete (without Pt4+ left in 

by giving excess 

reducing agent, the more active is the catalyst. This is in agreement with the results 

which show that faster reduction of Pt ions leads to small 

 

different ratios of initial 
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4.3.8 The deposition process

The phase diagrams which show the temperature range of particle deposition from 

microemulsions with α1 

water content in microemulsions causes a shift of the phase boundary to higher 

temperatures and thus to a 

bigger size of the water droplets

needs a bigger amount of energy to destabilize. By increasing the temperature of the 

microemulsion system (tracking the arrow in Figure 4.9)

nanoparticles from inside of th

with almost no agglomeration, which is verified by the results in Figure 4.10.  

Figure 4.9 Phase diagrams of microemulsions and the ranges of temperature of 
deposition, α1 = 0.5 (left) and 

 

The droplet size is an important parameter because it controls the size of the produced 

nanoparticle and thus influences the activity of the catalyst. Experimentally, it is 

measured by Dynamic Light Scattering (DLS). However, we did not

because according to several studies it is dominantly characterized by the 

[H2O]/[Surfactant] molar ratio,

that correlates ω, size of droplets and size of the nanoparticles, because every 

microemulsion has its own characteristic. However, it can be generalized that the 

droplet size is proportional to 

ω.20 We study the influence of 

The TEM pictures in Figure 
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deposition process by thermal-destabilization method

The phase diagrams which show the temperature range of particle deposition from 

= 0.5 and α2 = 0.92 are depicted in Figure 4.9.

water content in microemulsions causes a shift of the phase boundary to higher 

to a larger range of deposition temperature. It indicat

er droplets (which is caused by the higher proportion of water), 

needs a bigger amount of energy to destabilize. By increasing the temperature of the 

microemulsion system (tracking the arrow in Figure 4.9) the transfer of Pt 

nanoparticles from inside of the water droplets onto the support was successfully done 

with almost no agglomeration, which is verified by the results in Figure 4.10.  

Phase diagrams of microemulsions and the ranges of temperature of 
(left) and and α2 = 0.92   (right). 

he droplet size is an important parameter because it controls the size of the produced 

nanoparticle and thus influences the activity of the catalyst. Experimentally, it is 

measured by Dynamic Light Scattering (DLS). However, we did not measure it directly 

because according to several studies it is dominantly characterized by the 

O]/[Surfactant] molar ratio, defined as ω. 24,37 There is no general formulation 

, size of droplets and size of the nanoparticles, because every 

microemulsion has its own characteristic. However, it can be generalized that the 

droplet size is proportional to ω. Major changes of the particle size are

We study the influence of ω on the size of the produced nanoparticles by TEM.  

M pictures in Figure 4.10 indicate that the size particles produced in 

 

destabilization method 

The phase diagrams which show the temperature range of particle deposition from 

9. Decreasing the 

water content in microemulsions causes a shift of the phase boundary to higher 

position temperature. It indicates that the 

(which is caused by the higher proportion of water), 

needs a bigger amount of energy to destabilize. By increasing the temperature of the 

the transfer of Pt 

onto the support was successfully done 

with almost no agglomeration, which is verified by the results in Figure 4.10.   

 

Phase diagrams of microemulsions and the ranges of temperature of 

he droplet size is an important parameter because it controls the size of the produced 

nanoparticle and thus influences the activity of the catalyst. Experimentally, it is 

measure it directly 

because according to several studies it is dominantly characterized by the 

There is no general formulation 

, size of droplets and size of the nanoparticles, because every 

microemulsion has its own characteristic. However, it can be generalized that the 

s of the particle size are obtained at low 

the size of the produced nanoparticles by TEM.  

that the size particles produced in ω1 = 13 is 
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significantly smaller than in 

been published which show a larger size of the particle for higher values of 

corresponding histograms in Figure 4.10 show that the size distributions of 

nanoparticles produced at both 

normal distribution. It has been reported that the uniformity of the size distribution 

achieved through a short nucleation period and this can be achieved by feeding a 

reactant continuously to keep saturated conditions during the course of the reaction 

constant.20 This indicates that in both cas

excess) is enough to promote a short nucleation step. 

 

Figure 4.10 TEM images of Pt nanoparticles inside of the microemulsions before and 
after deposition process at different 

A new method to synthesize supported metal Pt catalysts 

 

significantly smaller than in ω2 = 15. This is in agreement with the results that have 

been published which show a larger size of the particle for higher values of 

corresponding histograms in Figure 4.10 show that the size distributions of 

nanoparticles produced at both ω are rather narrow and exhibit the features of a log

normal distribution. It has been reported that the uniformity of the size distribution 

achieved through a short nucleation period and this can be achieved by feeding a 

reactant continuously to keep saturated conditions during the course of the reaction 

This indicates that in both cases, the amount of reducing agent (8 fold 

excess) is enough to promote a short nucleation step.  

TEM images of Pt nanoparticles inside of the microemulsions before and 
after deposition process at different ω and their corresponding size distributions. 
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This is in agreement with the results that have 

been published which show a larger size of the particle for higher values of ω.25,38,39 The 

corresponding histograms in Figure 4.10 show that the size distributions of 

are rather narrow and exhibit the features of a log-

normal distribution. It has been reported that the uniformity of the size distribution is 

achieved through a short nucleation period and this can be achieved by feeding a 

reactant continuously to keep saturated conditions during the course of the reaction 

es, the amount of reducing agent (8 fold 

 

TEM images of Pt nanoparticles inside of the microemulsions before and 
and their corresponding size distributions.  
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The primary factors for the higher activity of supported Pt catalysts produced from our 

experiments are the size, the shape and the dispersion.  It is most likely that the small 

size of the Pt particles is caused by the effect of the reducing agent. The reduction 

process by hydrazine can be completed instantly, in comparison to the use of pure 

hydrogen which is a much slower process.9 As a general rule, a fast nucleation process 

will result in the production of small particles. The small size can also be contributed to 

the presence of the co-surfactant, pentanol. It was concluded by Eastoe et.al. 24 that the 

addition of a co-surfactant not only leads to a higher fluidity of the interfacial film, thus 

increasing the rate of interdroplet exchange, but also leads to a higher curvature of the 

droplets, so smaller particles are obtained.  

 

The hexagonal shape of the particles (inset A Figure 4.10) is produced primarily 

because of the head group of the surfactant rather than the reducing agent. As 

mentioned previously, in synthesis by microemulsions method, the shape of the 

nanoparticles is strongly influenced by surfactant.25 On the other hand, reducing agent 

can also affect the shape of the produced nanoparticles. A weak reducing agent 

effectively isolates the nucleation and growth events allowing control over the size and 

shape.40 In case of using strong reducing agent like hydrazine, the dominant factor will 

be taken by surfactant. We use a strong reducing agent, hydrazine, with 8 fold excess 

in our synthesis to ensure a fast growth; hence there is no influence in governing the 

shape of nanoparticles. It has been reported that the use of Triton X-100 as surfactant 

to different kind of metal precursor can produce nanoparticles with different shapes 

such as spherical, nanofibers, nanobelts, rodlike41 and nanocubes38. Therefore, when 

using H2PtCl6 as a precursor, Triton X-100 is dominantly directing the seed to the 

equal growth of {111} and {100} facets which finally form truncated octahedrals which 

look hexagonal in TEM image42 (inset A Figure 4.10). As mentioned above, not only 

from the Wulff construction do we predict that our nanoparticles are truncated 

octahedrals, but also from the similarities to other results as shown in Tabel 4.2. This is 

also supported by the Fourier Transform pattern of the particle (inset B Figure 4.10), 

which shows the same pattern with what has been reported to be a truncated 

octahedron.29 The equal or isotropic growth produced by nonionic surfactants like 

Triton X-100 was also proposed in earlier studies.38,41 

 

It has been stated that nanoparticles are small and not thermodynamically stable 

against crystal growth. To finally produce stable nanoparticles, these nanoparticles 
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must be arrested during the reaction by adding surface protective reagents, such as 

organic ligands or inorganic capping materials.20 Interestingly, by the thermo-

destabilization of microemulsion we can produce supported Pt particles with a narrow 

size distribution without a protective or capping agent. Table 4.3 presents different 

methods to prepare supported Pt particles.  

 

Table 4.3 The comparison between different methods of Pt-nanoparticles preparation 

Method Author Capping 
Agent 

Insitu-
Support+NP 
preparation 

Result/Particle 
size 

Impregnation El. Shayed.44 Yes No Ave. 10  nm 

Impregnation Lee et.al. 8 Yes No 5 –  7 nm 

Precipitation Lee et.al. 8 Yes Yes 
Failed/Agglomerati
on 

Sol-gel Lee et.al. 8 Yes Yes 
>50% of the pore 
structure shrunk 

Polyalcohol reduction  Liu et.al. 45 Yes Yes 3.5– 11.5 nm 

Hydrolysis in µE  Ikeda et.al. 15 Yes Yes 4.7– 34.5 nm 

Rotating cathode Zhou et.al. 33 Yes Yes 6 – 12 nm 

Langmuir-Blodgett Rioux et.al.46 Yes Yes 9 – 10 nm 

Electrophoretic  
Teranischi et.al. 
47 

Yes No 30 – 32.5  nm 

Rampino and Nord Petroski et.al. 48 Yes Yes Ave. 12 nm 

Rampino and Nord Erikson  et.al. 9 Yes Yes 8 – 12 nm 

Solvent 
Destabilization 

Boutonnet 49 No No 
10 – 35 nm/ 
Agglomeration  

Solvent 
Destabilization 

Yashima et.al.14 No No 
20 – 40 nm/ 
Agglomeration  

Solvent 
Destabilization 

Hanna et.al. 13 No No 
5 – 100 nm/ 
Agglomeration 

Redispersion Hanna et.al. 13 No No 
10 – 50/ 
Agglomeration 

Insitu  hydrolysis and 

condensation in µE 
 Bae et.al. 39 No No 20 – 42 nm 
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Some researchers applied different deposition methods of particles from 

microemulsions such as by solvent destabilization or redispersion (Boutonnet, Yashima, 

and Hanna et.al.) but still big particles and agglomerates are produced with broad 

particle size distributions. Many have used capping agents in microemulsion system yet 

still produced rather big particles and broad particle size distributions such as the 

results of Liu et.al. and Ikeda et.al. Bigger Pt particles are also produced from other 

methods such as impregnation, precipitation, sol-gel, rotating cathode, Langmuir-

Blodgett, and Rampino and Nord, although they used capping agents. 

 

4.3.9 Effect of the support material and comparison with other catalysts  

In our synthesis we observe that the dispersion of particles on the support also depends 

on the properties of the support. The extreme difference in the obtained activity of 

catalysts supported on SBA-15 and Al2O3 indicates that in the thermo-destabilization 

method, the properties of the support material are crucial. It determines the 

responsiveness of the support to the nanoparticles released from the droplets during 

the deposition process. It is most likely that not only the high surface area of SBA-15 

(800 m2/g) which accommodates the releasing of particles, but also the structure of the 

support are responsible to the activity. The well ordered channel structure of SBA-15 

provides a good dispersion of the active phase on the surface; it can hinder Pt 

nanoparticles from sintering and thus promote the good contact between active sites 

and reactants. The TEM image in Figure 6A shows that Pt nanoparticles distributed 

not only on the surface of SBA-15 particles but also inside of the channels (see the 

inset). To confirm the location of the nanoparticles on the support material, we 

investigated the cross section of our Pt catalyst with EDX as shown in Figure 4.11. 

The red line refers to the amount of Pt on the outer surface of the support while the 

blue line to the inner surface of the support. A little difference in height between blue 

line and the red line shows that to such an extent Pt also located inside of support. This 

also indicates that Pt metals are able to penetrate into the pores of the support during 

the deposition.  
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Figure 4.11 EDX analysis of one sample of the produced supported Pt catalysts which 
shows the location Pt-metal on the surface of the Al

 

We have tried to verify the level of dispersion of our catalysts with the Chemisorptions 
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produce the small size of NPs and also to keep them from agglomeration during the 

deposition process. For that reason, we analyzed the dispersion of the catalyst only by 

observing the TEM pictures which show that our catalysts are well distributed over 

The particle size distributions are also narrow 

Figures 4.10. We also compare our produced catalysts with other Pt catalysts, i.e 

commercial ones and the one prepared by another method. To make sure that the 

catalysts are fully reduced, the commercial catalysts were pre-reduced with hydrogen 

C for 3 hours before being tested. The activities of Pt/SBA-15 and Pt/Al
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increasing the temperature up to 500 

indicated by a decreased activity. This can be seen from the corresponding TEM 

images which show the increasing size of 

observations are comparable to what has been published: Romero

reported that sintering platinum particles on alumina support happened after 

calcinations at 500 oC for 2 h and at 600 

after 300 oC the dispersion of Platinum on the support decreased drastically.

 

Figure 4.12 The activities of the Pt catalysts (upper) and th
images (bottom). The scale bars are 10 nm.
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increasing the temperature up to 500 oC, Pt nanoparticles start to sinter on the support 

indicated by a decreased activity. This can be seen from the corresponding TEM 

images which show the increasing size of the particles (Figure 4.13 b and c).  Our 

observations are comparable to what has been published: Romero

reported that sintering platinum particles on alumina support happened after 

C for 2 h and at 600 oC for 24 h, and Miller et. al

C the dispersion of Platinum on the support decreased drastically.

The activities of the Pt catalysts (upper) and the corresponding TEM
images (bottom). The scale bars are 10 nm. 

 

C, Pt nanoparticles start to sinter on the support 

indicated by a decreased activity. This can be seen from the corresponding TEM 

the particles (Figure 4.13 b and c).  Our 

observations are comparable to what has been published: Romero-Pascual et.al50 

reported that sintering platinum particles on alumina support happened after 

C for 24 h, and Miller et. al51 showed that 

C the dispersion of Platinum on the support decreased drastically. 
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Therefore, we conclude that the air calcination at 300 

ensure the removal of the remaining surfactant from the synthesis process and to 

strengthen the bond of P

Figure 4.13. 

 

Figure 4.13 The activities of the Pt catalysts prepared in different temperature of 
calcinations and the corresponding TEM images. Each calcinations temperature was 
held for 2 h 

 

4.3.11 Other Parameters

We also investigated other parameters such as filling rate of reducing agent into the 

reactor, stirring rate during synthesis and deposition process, use of baffles in the 

synthesis reactor, kind of washing agent to clean the cataly

according to our observations, these variables have minor effects.
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To test the life time of our catalyst, we employed our Pt/

hydrogenation reactions. We note that for the stability testing, we did not use   

Pt/SBA-15 (the best activity)
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a representative catalyst for showing the ability of our method in producing a stable 

supported catalyst. Figure 4.1

hydrogenation of AMS. By comparing the initial reaction rate (indicating the activity of 

the catalyst) only a slight decrease (

run is observed; therefore, the catalyst is considered to be 

conclusion that there is no significant change of the size and shape of Pt catalyst during 

the reactions. The corresponding TEM pictures also confirm that there is no 

significant change in the size of platinum nanoparticles during the reactions. Howeve

Figure 4.12 indicates that the size and the shape of nanoparticles might change in 

higher temperature reactions. This could be anticipated by using mesoporous materials 

and hollow cages to provide restricted microenvironments for supporting the catalyst

(An et.al). We would like to 

Al2O3 is more suitable for reaction at low to the middle high temperature (< 300 

 

Figure 4.14 Six hydrogenation runs of 1 g of AMS: 
reaction rate of each hydrogenation run
Pt@γ-Al2O3 before and after the hydrogenation reactions
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and hollow cages to provide restricted microenvironments for supporting the catalyst
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is more suitable for reaction at low to the middle high temperature (< 300 

Six hydrogenation runs of 1 g of AMS: (a) conversion vs time, 
reaction rate of each hydrogenation run, (c) and (d) TEM images of synthesized 0.1% 

before and after the hydrogenation reactions 
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Figure 4.12 indicates that the size and the shape of nanoparticles might change in 

higher temperature reactions. This could be anticipated by using mesoporous materials 

and hollow cages to provide restricted microenvironments for supporting the catalyst 
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4.4   Conclusion  

We have developed a new, simple yet excellent method to synthesize highly active and 

stable supported Pt catalysts via the so-called thermo-destabilization of 

microemulsions. In this study, we fixed the type of surfactant (Triton X-100), co-

surfactant (pentanol), solvent (cyclohexane), metal precursor (H2PtCl6), and reducing 

agent (hydrazine). The parameters that significantly influence the activity of the 

produced catalysts are the heating rate during the thermo-destabilization process, the 

molar ratio of water to surfactant (ω), the initial molar ratio of metal to reducing agent, 

the growing time, the type of support material, and the calcination temperature. 

 

The produced catalysts exhibit higher catalytic activities than those prepared via 

conventional methods. We attribute this to the small size, multifaceted shape, narrow 

size distribution and good dispersion of the nanoparticles on surfaces of the support 

material. The insignificant difference of activity (< 1%) of produced catalyst from 

different batches indicates that this method is adaptable to reproduce. Comparative 

studies in applying our method to synthesize other supported metals such as Ag, Pd, 

Ru, on different kinds of material supports is still under way to elucidate if the recipe 

can be generalized. We found that our method also works well with those metals, and 

we intend to publish these results later. Although we have found good results, we are 

still continuing to improve and optimize the performance of the catalyst. 
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Chapter 5  

 

 
Particle shape optimization by 
changing from isotropic to anisotropic 
nanostructure: 

Preparation of highly active and stable supported 
Pt catalysts in microemulsions 
 

 

 
 

5.1. Introduction  

In order to improve the catalytic activity of the noble metals, the surface morphology 

has become an area of investigation over the past decades. Several studies have 

reported that differently shaped metal catalysts show different catalytic activity and 

selectivity.1–4 Therefore, the shape control of metal particles during synthesis, i.e. to 

direct the crystallographic planes, coordination of surface atoms and bounding facets of 

the nanocrystal, is important. These parameters determine the number of atoms located 

at the edges or corners and accordingly control the surface chemistry which holds the 

key for improving their catalytic performance. Therefore, in the synthesis of metal 

nanoparticles, not only the size needs to be controlled and optimized, but also the 

shape.  

 

Although many scientists have successfully synthesized Pt nanoparticles with different 

shapes, almost all the shapes end up with low indexes such as {111} and {100}.5,3,6,7 

These low index planes comprise of densely packed atoms which have a low amount of 

edges and corners and thus low surface energy. Therefore, the shape that possesses 
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high-index planes (low-coordinated atoms) is preferable because generally it has high 

surface energies and thus exhibits high activity. Surface energies corresponding to 

different crystallographic facets usually increase in the order γ{111}<γ{100}≪γ{110}≪γ{hkl}, 

where {hkl} represents high-index facets, with at least one h, k, and l equal to two or 

greater.8 Although the synthesis of nanocrystals with high-index surfaces was achieved 

by some groups, the size of the crystals is still rather high (20 – 240 nm).9,10 More 

important for catalysis, shape control with precision at a scale smaller than 10 nm 

effectively engineers the chemical surface of the nanoparticle.9 Therefore the formation 

of small nanoparticles with high index facets remains challenging.  

 

To produce nanoparticles which have high-index planes, the preferred growth direction 

during synthesis is anisotropic growth. It can be induced by employing surfactants 

which can bind preferentially to crystal faces of the growing particles.10,11 In our 

previous work, we were able to prepare multifaceted Pt nanoparticles and we concluded 

that the shape is dominantly influenced by the surfactant.11,12 However, this account is 

appropriate probably only if a strong reducing agent is used. We used a strong 

reducing agent, hydrazine, to make sure that the reduction process will be faster and 

thus not contribute in regulating the shape. However, the anisotropic growth can also 

be promoted by a very slow reduction rate at room temperature and the lowest energy 

principle.13 The slow reduction rate of the metal precursor can be carried out by means 

of a weak reducing agent. A weak reducing agent effectively isolates the nucleation and 

growth events allowing control over the size and shape.14,15 This statement is also 

confirmed by some published results which show that some weak reducing agents such 

as formic acid and ascorbic acid are effective for producing anisotropic platinum 

nanostructures.16,17,13,18 Pillai et al. reported that when NaBH4 is replaced by HCOOH, 

nanoflowers comprised of large quantities of nanowires are obtained.4 Chen et al. 

reported that by slowing the reduction rate (extremely low supersaturations) of Pt 

salts, only highly anisotropic Pt nanostructures were formed. In contrast, if the 

reduction proceeded too fast (the supersatuation was too high) only isotropic Pt 

nanoparticles were produced.19 

 

Despite the high activity of complex anisotropic nanostructures, generally they are still 

produced in a colloidal state which is thermodynamically unstable.9 Moreover, the use 

of capping agents in colloidal systems in most cases hinders or even prevents catalysis 

by blocking some of their active sites and also through inducing steric effects.4 As a 
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matter of fact, when our Pt particles in a microemulsion-based suspension were tested 

catalytically via the hydrogenation of α-methyl styrene, the activity was very poor 

compared with its supported counterparts. The same observations are also obtained by 

Boutonnet et al.20 Therefore, it is far better to have a stable state and an unhindered 

contact between the substrates and active sites of the metal. An alternative approach is 

to stabilize the metal particles by dispersing them on a support. However, it is often 

difficult to obtain a good dispersion while preserving the size and shape of 

nanoparticles during the deposition process.12,21 The dispersion of nanoparticles on the 

support is significant because it affects the catalyst performance. This difficult 

challenge, however, has been overcome in our method, i.e. the thermo-destabilization of 

microemulsions.  

 

In our recent study, we presented a new method to synthesize active and stable 

supported Pt catalysts.12 There are several major parameters that determine the size, 

shape and dispersion of metal on the support which influence the catalyst performance 

such as the concentration of surfactant and oil, concentration of precursors, heating 

rate during destabilization, kind of support, etc. In order to improve the activity of our 

Pt catalysts, we decided to modify the shape of the Pt particles by changing the 

reducing agent and the Pt precursor.  

 

Because the comprehensive study of our synthesis method has been reported in our 

previous paper, here we are focusing more on optimizing the performance of supported 

Pt catalyst by improving the surface energy of nanoparticles rather than comparing 

with other synthesis methods. In this study, we improve the catalytic activity mostly by 

means of a weak reducing agent (ascorbic acid).  Combinations of the use of a weak 

reducing agent to create an anisotropic nanostructure and the deposition with thermo-

destabilization of microemulsions method are potentially promising for increasing the 

activity of supported metal catalysts. 

 

To elucidate whether this synthesis method is a viable strategy, we also tested the 

catalytic activity of our supported Pt catalysts in some reactions such as hydrogenation 

of methyl crotonate, itaconic acid and levulinic acid. However, the results are discussed 

only briefly in this paper.  
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5.2. Experimental Section  

5.2.1 Materials 

The chemicals used in the preparation of Pt nanoparticles were the following: 

Hexachloroplatinic acid hydrate (99.9%, Sigma-Aldrich) and Potassium tetrachloro-

platinate(II) (99.9%, Sigma-Aldrich) as Platinum precursors; hydrazine monohydrate 

(98%, Sigma-Aldrich) and L-(+)-ascorbic acid (>99%, Alfa Aesar) as reducing agents, 

Cyclohexane (≥ 99.5%, Carl - Roth) as oil phase, 1-pentanol (≥ 98%, Carl-Roth) as co-

surfactant, and Triton X-100 (100%, Sigma-Aldrich) as surfactant. All the chemicals 

above were used without further purification. The support materials used were (base, 

neutral and acid)-Al2O3 (Sigma-Aldrich), SiO2 (Sigma-Aldrich), Sipernat 310 (Evonik) 

and self prepared SBA-15 according to the method reported by Zhao et.al.22 All 

supports were pre-calcined before use. For the washing of the catalysts after the 

synthesis, acetone (≥ 99.8%, Carl Roth) was used. The chemicals used for the 

hydrogenation reactions: methanol (≥ 99.9%, Carl Roth) as solvent; α-methyl styrene 

(99%, Aldrich), methyl crotonate (99 %, Sigma-Aldrich), itaconic acid (99 %, Sigma-

Aldrich) and levulinic acid (98 %, Sigma-Aldrich) as reactants; all were used as received.  

 

5.2.2 Catalyst Preparation 

5.2.2.1 Phase Behaviour of Microemulsion Systems  

For the determination of the deposition temperature, the phase diagram of a 

microemulsion needs to be established.  The principle and the stepwise preparation of 

phase diagrams have been described in the previous chapter. 12  

 

5.2.2.2 Synthesis of nanoparticles and deposition process  

The typical synthesis using microemulsion systems for preparing Pt nanoparticles 

involves the water phase either with metal salts (H2PtCl6 and K2PtCl4) or reductants 

(hydrazine and ascorbic acid), Triton X-100 as the surfactant, pentanol as the co-

surfactant and cyclohexane as the oil phase. The mass fraction of oil in the 

microemulsion system is defined by α = mo/(mo + mw), whereas the mass fraction of 

surfactant and co-surfactant is defined by γ= (ms + mco-s)/( ms + mco-s + mo + mw). The 

mass ratio of co-sufactant to surfactant is defined by θ.  The values of α, γ and θ we 
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used for this study are 0.75, 0.4 and 1, respectively. The metal salts and reductants are 

then prepared in different concentrations. The reactions that occur during the mixing 

of microemulsions (collision of the water droplets) for different synthesis according to 

the kind of metal salt and the reducing agent are the following: 

2
0

4262 N6HClPtHNPtClH ++→+
 

6HClOHC2PtOHC2PtClH 666
0

68662 ++→+
 

2HCl2KClOHCPtOHCPtClK 666
0

68642 +++→+
 

The microemulsions were mixed according to the calculated values of α, γ and θ. The 

synthesis of the platinum nanoparticles was carried out at 25 °C in a 200 ml double-

wall glass reactor equipped with a double parallel three-blade impeller. The hydrazine 

microemulsion was added slowly to the reactor, which had already been filled with the 

Pt salt microemulsion, by a micro pump at the rate of 0.2 ml/s. The mixture was 

stirred at 700 rpm for 30 minutes (with N2H4) or 2 hours (with AA) respectively at 

room temperature to form colloidal stabilized Pt nanoparticles.  Then the pre-calcined 

support (500 oC for 2 hours) was added to the mixture, and the Pt nanoparticles were 

deposited on the support material by heating the microemulsion to 46 oC, at the heating 

rate of 1°C/min. After the deposition process, the mixture was cooled down. After all 

the supported catalysts precipitated, they were carefully separated from the solution, 

washed three times with pure acetone. Consistent to prior work, calcination was carried 

out at 300 oC for 2 hours to avoid the shape modification of metal nanoparticles.  

 
 

5.2.2.3 Activity testing in hydrogenation reaction.  

Hydrogenation of AMS was performed over the Pt/Al2O3 catalysts to expound the 

effect of particle morphology on the catalytic activity. The activity testing in 

hydrogenation reaction has been described in the previous chapter.  

 

5.2.2.4 Characterization and Analysis Methods.  

The shape, size, and lattice structure of the Pt nanoparticles were investigated by 

transmission electron microscope (TEM) at an FEI Titan 80-300 (sub-Angstrom 

resolution, able to investigate at atomic scale), and also with FEI Tecnai G220 S-Twin 



 Particle shape optimization 95 

 

TEM and Philips CM200/FEG high-resolution TEM (HRTEM) operated at 200 kV. 

Both microscopes are equipped with an energy dispersive x-ray detector (EDX). The 

TEM grids were prepared for imaging by placing a small drop of the specimen solution 

on a copper grid having an amorphous carbon film less than 20 nm thick and allowing 

it to dry completely in air at ambient temperature. Pt content of the support catalysts 

were analyzed by ICP-OES Element 2 (Varian) at low resolution (sample gas 0.863 

L/min; plasma power 1350 W). The effective surface charges (ζ-Potential) on the Pt 

nanoparticles and alumina support material were measured using zeta-potential Zen 

3600 (Malvern Instruments Zetasizer, Worcestershire, UK) equipment, with samples 

thermostated at 25 oC. The specific surface areas of the catalysts were measured via the 

BET method using N2 adsorption at liquid N2 temperature in a Micromeritics Gemini 

III 237 Volumetric Surface Analyzer. The sample was outgassed at 200 oC for 1 h in 

order to desorb any impurities or moisture from its surface. 

 

5.3 Results and discussion 

5.3.1 Effect of reducing agent on catalytic activity.  

As we already mentioned, with our previous result we are able to produce truncated 

octahedron Pt nanocrystals in the microemulsions system by using hydrazine as the 

reductant. To see whether the reducing agent affects the morphology of the produced 

Pt particles, we used ascorbic acid (AA) as the reductant since it should lead to a slower 

reducing process. The result is illustrated in Figure 5.1. The TEM images show the Pt 

particle with hexagonal form (upper) after reduction with hydrazine and the dendritic 

form (bottom) after reduction with ascorbic acid. This confirms what we have 

previously described, namely that using a weaker reducing agent in the microemulsion-

based synthesis, the shape of the nanoparticles is affected by the reducing agent rather 

than by the surfactant. In fact, Shen et. al. produce dendritic Pt nanostructures while 

using four different surfactants in sonoelectrochemical method.23 Wang et. al., without 

using any surfactant, cannot synthesize nanodendrite Pt nanostructures by using 

hydrazine or NaBH4, but they can produce them by using ascorbic acid as the reducing 

agent.16 Unfortunately, because they do not use a capping agent, they produce 

polydisperse Pt nanodendrites (20 – 70 nm). They also reported that a byproduct of Pt 

reduction by AA, diketo-l-gulonic acid (DGA), serves as a shape-directing agent to 
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direct the branched growth. 16 The mechanism of the growth of branches seems to 

involve controlled, epitaxial growth from the surface of a particle.24  

 

 

 

Figure 5.1 Illustration of the role of the reducing agent to produce different shapes of 
Pt nanoparticles. 

 

Although hydrazine was found to be the best reducing agent because the particle 

distribution was optimal when compared with the one obtained for metals reduced with 

NaBH4, H2 or other reducing agents,25 it cannot promote the anisotropic growth. 

Moreover, it was observed for some cases that the remaining hydrazine behaved as a 

poison for the catalyst.25 Therefore, it can be concluded that in this case using AA as a 

reductant is more favorable.  

 

5.3.2 Structure of Pt nanodendrites in water droplets 

Figure 5.2 shows the detailed structure of Pt nanodendrites which compose of irregular 

shaped arms as portrayed in Figure 5.2A and 5.2B. This anisotropic growth is favored 

by a slow reduction process and relatively low temperature of synthesis (25 oC).24,26  

Figure 5.2A and 5.2B show the Pt dendrites produced with surfactant (in the water 

droplets) and without surfactant, respectively, with the same concentrations of Pt ions 

and reductant. The Pt dendrite in Figure 5.2A looks smaller than that in Figure 5.2B 

because the surfactant restricts the growth. Also, due to the relatively low 

concentration of H2PtCl6 inside the reverse micelles, only few branches of Pt 

nanodendrites can be produced. The branches seem to be not attached to one another 

because when the sample was exposed to the high voltage electron beams during TEM 

analysis, they were separated. This might also signify that this structure is not mature 
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yet. However the branch consists of high index planes as depicted in a detailed 

structured in HRTEM image (Figure 5.2C) and the corresponding Fast Fourier 

transform (FFT) of the atomic lattice (Figure 5.2D). The electron diffraction pattern 

indexed to the {111}, {200}, {220}, {311}, {331} and {511} diffractions, respectively.  

 

 

 
 

 

Figure 5.2 Pt clusters produced with ascorbic acid as reductant in the presence of the 

surfactant (A), in the absence of the surfactant (B), HRTEM of a branch of Pt dendrite (C), 

and its Fast Fourier transform (FFT) with the lattice indexes (D) 
 

 

As stated above, the thermodynamic equilibrium shape of Pt particles produced when 

using hydrazine as the reductant is truncated octahedron. This regular crystallite is 

composed of the lowest-index crystal planes {111} and {100}, which are known to be 

the least active. The irregular polycrystalline structure produced with AA, Pt 

nanodendrite, is our expected result because it is composed of the higher index crystal 

planes especially {311}, {331} and {511}. The high index planes exhibit much higher 
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reactivity because of the low coordination number and high density of atomic steps, 

ledges and kinks, which usually serve as active sites for breaking chemical bonds.4 This 

is confirmed by Figure 5.3 that shows the higher activity of supported Pt 

nanodendrites catalysts compared to that of Pt truncated octahedron. Hence, the 

irregular structure of nanodentrites provides more active sites than the truncated 

octahedron.  

 

5.3.3 Effect of support acidity on catalytic activity 

We also observe that the support acidity affects the activity of the Pt catalyst (Figure 

5.3 and Table 1). We note that we used the acidic, neutral and basic Al2O3 which are 

commercially available. The lowest activity of the Pt nanodendrite deposited on basic 

Al2O3 can be explained as follows. For Pt particles which are reduced with ascorbic 

acid, the microemulsions containing Pt particles are acidic (pH ≈ 4). Therefore, they 

tend to destabilize quickly when they are around the basic Al2O3 and Pt particles 

agglomerate before deposition, whereas on acidic Al2O3 the catalyst shows higher 

activity because the particles are more stable before attaching to the support material. 

On the contrary, for Pt particles which are reduced with hydrazine, the microemulsions 

containing Pt nanoparticles are alkaline (pH ≈ 9). Consequently, the particles tend to 

agglomerate before deposition when surrounded by the acidic Al2O3 and be more stable 

when in contact with basic Al2O3.  

 

The TEM images in Figure 5.3 show the clear particle size distributions but they 

cannot give accurate dispersions because they show the particles at the outer and inner 

surfaces of the support. For this reason, we confirm them with SEM images which 

show the dispersion of the particles on the outer surface (the particle is shown in white 

color). From the TEM images, we can see that there is only little Pt particle 

agglomeration on acidic alumina compared to the neutral and basic alumina, as pointed 

out by the small arrows. A dark field image (the inset of Figure 5.3B, middle centre), is 

presented to clearly show the dispersion of Pt particles on the neutral alumina. The Pt 

dispersion at acidic and neutral alumina looks similar in the SEM images. Interestingly, 

in the case of Pt on the basic alumina, the outer particles are quite few and widely 

scattered. This looks contrary to its TEM image (middle right) which shows that the 

particles are rather dense. We note that the TEM and SEM images were not taken 

from the same place. This may indicate that Pt particles on the basic alumina are not 
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well distributed. Hence, these visual observations are congruent with the catalytic 

activities because better dispersion leads to higher activity. 

 

To validate the visual observations, we quantify the dispersion by using the Delaunay 

network method27 based on the TEM images in Figure 5.3. In this case, we do not use 

SEM images because of their low magnifications, which is normal in a SEM 

investigation. 

 
 

Table 5.1 Activities of 0.1%-wt supported Pt catalysts prepared with different molar 
ratios of Pt to AA  

Support 

Material 

ζ-Potential of 

support (mV)* 

Molar Ratio 

[Pt] : [AA] 

ζ-Potential of Pt 

NPs (mV) 

Pt Activity 

(mol/s.gPt) 

acidic- Al2O3 + 45 
1 : 25 -24.9 11000 

1 : 50 -25.4 65000 

neutral- Al2O3 + 40 
1 : 25 -24.9 9000 

1 : 50 -25.4 49000 

basic- Al2O3 + 10 
1 : 25 -24.9 7000 

1 : 50 -25.4 29000 

* experimentally measured at pH = 4, which is the average pH of the prepared microemulsion 
containing Pt nanodendrites 

 
 

The details of the Delaunay network method are described in the Appendix C. As we 

can see in Figure 5.3B (upper right), according to this method, the dispersions of Pt 

particles on the acidic, neutral and basic alumina are in the areas of good, random like 

and poor, respectively. These quantified results support the visual observations and 

certainly agree with the catalytic activities. 

 

To verify our observations, we also investigated the interaction between the Pt 

particles and the support material by measuring their zeta potentials. As we can see in 

Table 5.1, the zeta potential of the platinum nanodendrites is about -25 mV whereas the 

zeta potentials of acidic, neutral and basic Al2O3 are +45, +40 and +10 mV respectively. 
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The more positively charged support particles are more likely to interact with the 

negatively charged metal particles which can result in better dispersion. Therefore, the 

dispersion of Pt nanodendrites seems to be better on acidic Al2O3 followed by neutral 

Al2O3 and basic Al2O3 which results in an activity decrease of Pt catalysts with the 

support material ranking from acidic to basic Al2O3. 

 

 

 

 

Figure 5.3 Upper left: activities of Pt catalysts reduced with either hydrazine or AA and 
deposited on acidic (A), neutral (B), basic (C) alumina supports. Upper right: degrees of 
dispersion of the corresponding catalysts with the Delaunay network method (Modified 
with permission from Ref 27). Middle and bottom are the TEM and SEM images of the 
corresponding catalysts respectively.  



 

5.3.4 Effect of pH on the structure of nanodendrites

It is interesting to see that when we double

the activity of the Pt catalyst increases (Table 

can be explained by the following. 

the more negative the redox potential (E

   

   

Hence, increasing the concentration of AA (lower pH) will lower the reducing power of 

AA and therefore slow down the reduction process of Pt. Consequently, this will 

promote the anisotropic growth of Pt 

structures (more edge and corner sites), thus leading to the higher activity. On the 

other hand, slow reduction of Pt will also lead to bigger particle size

the TEM image (right) in Figure 5

more AA (the particle sizes produced with Pt to AA ratios of 1:25 and 1:50 are 4.6 ± 1.2 

nm and 7.7 ± 2.6 nm, respectively). However, as we already know, the reduction of Pt 

takes place inside of the reverse 

metal cluster. Hence, the effect of the reducing agent might be restricted. 

Figure 5.4 Pt nanodendrites supported on 
ratios of Pt to AA, 1:25 (left) and 1: 50 (right). The upper and bottom insets are the 
corresponding TEM images with low magnification and the particle size distributions (100 
particles were counted)  
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5.3.4 Effect of pH on the structure of nanodendrites 

It is interesting to see that when we double the initial concentration of ascorbic 

the activity of the Pt catalyst increases (Table 5.1). The increase of catalytic activity 

can be explained by the following. According to Nernst Equation, the higher the pH, 

the more negative the redox potential (Eh) will be and the stronger the redu

  

     

Hence, increasing the concentration of AA (lower pH) will lower the reducing power of 

AA and therefore slow down the reduction process of Pt. Consequently, this will 

promote the anisotropic growth of Pt nanodendrites which results in more complex 

structures (more edge and corner sites), thus leading to the higher activity. On the 

other hand, slow reduction of Pt will also lead to bigger particle size12

the TEM image (right) in Figure 5.4 that shows bigger Pt particles produced with 

more AA (the particle sizes produced with Pt to AA ratios of 1:25 and 1:50 are 4.6 ± 1.2 

nm and 7.7 ± 2.6 nm, respectively). However, as we already know, the reduction of Pt 

takes place inside of the reverse micelles, which, in turn, can limit the growth of the 

metal cluster. Hence, the effect of the reducing agent might be restricted. 

 

Pt nanodendrites supported on acidic Al2O3 prepared with different initial molar 
ratios of Pt to AA, 1:25 (left) and 1: 50 (right). The upper and bottom insets are the 
corresponding TEM images with low magnification and the particle size distributions (100 
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the initial concentration of ascorbic acid, 

1). The increase of catalytic activity 

According to Nernst Equation, the higher the pH, 

) will be and the stronger the reducing power.  

         (5.1) 

Hence, increasing the concentration of AA (lower pH) will lower the reducing power of 

AA and therefore slow down the reduction process of Pt. Consequently, this will 

nanodendrites which results in more complex 

structures (more edge and corner sites), thus leading to the higher activity. On the 

12 as confirmed by 

.4 that shows bigger Pt particles produced with 

more AA (the particle sizes produced with Pt to AA ratios of 1:25 and 1:50 are 4.6 ± 1.2 

nm and 7.7 ± 2.6 nm, respectively). However, as we already know, the reduction of Pt 

the growth of the 

metal cluster. Hence, the effect of the reducing agent might be restricted.  

 

prepared with different initial molar 
ratios of Pt to AA, 1:25 (left) and 1: 50 (right). The upper and bottom insets are the 
corresponding TEM images with low magnification and the particle size distributions (100 
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Therefore, this phenomenon indicates that to such an extent, the shape of complex 

structure Pt nanodendrites seems to have more influence on the activity than the 

particle size. This phenomenon is also observed in our previously published results 

which shows that increasing the concentration of hydrazine (higher pH) will increase 

its reducing power which promotes a fast reduction of Pt ions. Faster reduction of Pt 

ions will produce smaller particles, thus leading to higher activity of the Pt catalyst.12 

In addition, the influence of pH on the structure of obtained Pt nanoparticles is also 

reported by Ji et al. and Lee et al.28,29 

 

More interestingly, when we increase the initial molar ratio of Pt to AA and then 

deposit the produced particles on SBA-15, a different trend is observed (Figure 5.5). 

The aforementioned results demonstrate that increasing the initial molar ratio of Pt to 

AA leads to bigger particles. On the other hand, the bigger particles (more than 10 nm) 

cannot get into the pores of SBA-15. In the case of Pt supported on SBA-15, the 

particle size produced with [Pt]:[AA] of 1:25 is less than 10 nm whereas with 1:50 is 

greater than 10 nm (inset in Figure 5.5). This is consistent with previous results which 

are shown in Figure 5.4. Unfortunately, we have no data of 1:100 but as previously 

hypothesized, the particles are expected to be bigger.  

 

 

 

Figure 5.5  Activities of the Pt nanodendrites deposited on SBA-prepared in different 
molar ratio Pt to AA and the corresponding TEM images (inset). 
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The decrease of Pt activity shown in Figure 5.5 indicates that the bigger Pt particles 

produced from initial ratios of Pt to AA of 1:50 and 1:100 are unable to spread well 

over SBA-15 and penetrate into the pores, and even might have a tendency to 

agglomerate. 

 

It is observed that the dispersion of Pt particles on the support is significantly more 

homogeneous with alumina (Figure 5.6 c and d), than with SBA-15 (Figure 5.6 a and b), 

particularly in the sample containing small particles. We attribute this to the value of 

the zeta potential of SBA-15 (approx. -20) which is almost the same as Pt nanoparticles 

(approx. -25). This observation is in good accordance with results published by 

Barkhuizen et al.21  Interestingly, although the Pt particles produced with hydrazine 

are smaller and better in distribution on the support, their activities are lower than 

those prepared with AA. To emphasize again, the anisotropic structure of the irregular 

polycrystalline Pt nanodendrites provides more active sites than the surface of a 

regular crystalline and therefore is the reason for the higher activities of the catalysts. 

Hence, as previously discussed in section 3.4, in our case, the shape of the particles is 

more significant in affecting the activity of the catalyst than the particle size despite 

bigger size and poor arrangement. This fact shows that the strategy of “making things 

smaller and smaller” – which is nowadays the strategy followed by many scientists – 

does not always lead to catalysts with better properties. 

 

 
 

Figure 5.6 Activities of the supported Pt catalysts prepared with hydrazine and 
ascorbic acid as reductants and the corresponding TEM images. 
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5.3.5 Effect of metal precursor on catalytic activity

The activity was further optimized, when the metal precursor was 

and a significant improvement

that it is easier for AA to reduce the Pt

more formation of dendritic branches. In addition, Duff et al. reported that the 

reduction of PtCl42- proceeds much faster than of PtCl

are produced from PtCl4

This is confirmed by HRTEM images (insets) in the bottom

show the corresponding Pt dendrites in the 

magnifications.  

 

 

 

Figure 5.7 Upper: Activities of the supported Pt catalysts produced from different Pt 
precursors, K2PtCl4 (A) and H
Al2O3. Bottom: the corresponding HRTEM images of Pt nanodendrites inside of 
droplets. The branches of Pt dendrites were separated and always moving when they were 
exposed to high voltage electron b
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precursor on catalytic activity 

The activity was further optimized, when the metal precursor was replaced by K

and a significant improvement of activity was observed. We attribute this to the fact 

that it is easier for AA to reduce the Pt2+ ion to Pt0 rather than Pt4+

more formation of dendritic branches. In addition, Duff et al. reported that the 

proceeds much faster than of PtCl62-.30 As a result, the particles that 

42- are smaller but higher in number than those from PtCl

This is confirmed by HRTEM images (insets) in the bottom part of Figure 5.7 which 

show the corresponding Pt dendrites in the water droplets 

Upper: Activities of the supported Pt catalysts produced from different Pt 
(A) and H2PtCl6 (B), and the corresponding TEM images for basic 

. Bottom: the corresponding HRTEM images of Pt nanodendrites inside of 
. The branches of Pt dendrites were separated and always moving when they were 

exposed to high voltage electron beams during the TEM investigation. 

 

replaced by K2PtCl4, 

We attribute this to the fact 

4+, which leads to 

more formation of dendritic branches. In addition, Duff et al. reported that the 

As a result, the particles that 

are smaller but higher in number than those from PtCl62-. 

part of Figure 5.7 which 

 with different 

 

Upper: Activities of the supported Pt catalysts produced from different Pt 
(B), and the corresponding TEM images for basic 

. Bottom: the corresponding HRTEM images of Pt nanodendrites inside of the water 
. The branches of Pt dendrites were separated and always moving when they were 
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According to our observation in TEM investigations, during the transmission, the high 

voltage electron beams from the TEM filament affected the original structure of the Pt 

dendrites which caused separation and movement of the branches on the carbon grid. 

However, we can still see that the branches of Pt dendrites produced by K2PtCl4 are 

smaller than those by H2PtCl6. 

 

Duff et al. also suggested that the chloride ions play a determining role in the shape of 

Pt particles. In this case, although the greater amount of chloride ions present in the 

solutions will cause the slower reduction process, they do not promote the anisotropic 

growth. Instead, they limit the nucleation, hinder the combination of growing clusters, 

and as a result promote regular growth (isotropic) forms. By this hypothesis, it can be 

assumed that the increase of Cl- ions could retard the formation of the anisotropic 

structures of Pt nanodendrites. Therefore, the shape of Pt nanodendrites produced from 

K2PtCl4 is more irregular than those from H2PtCl6 and thus provides more active sites. 

 

5.3.6 Catalytic testing with different substrates 

Additionally, as we have already shown in our previous paper, the activities of Pt 

catalysts prepared with our method and using hydrazine as the reductant are at least 4 

times higher for AMS hydrogenation than those of the commercial Pt catalysts. If we 

compare now the Pt catalysts prepared by this optimized procedure with the 

commercial Pt catalysts, their activities are obviously much higher. Therefore, to verify 

the activity of our catalysts, we used our Pt/Al2O3 as a representative catalyst to 

hydrogenate some other substrates such as methyl crotonate, itaconic acid and levulinic 

acid and then compared its performance to that of the commercial one. The results 

show that our Pt catalyst performs better with all substrates than the commercial one 

as depicted in Figure 5.8. 

 

5.3.7 Stability testing 

The aforementioned results show that the structure of Pt nanodendrites is irregular 

and low-coordinated atoms tend to be unstable.14 Because the stability is also an 

important parameter in the application of a catalyst, the stability of the supported Pt 

nanodendrites was tested. We took our Pt/Al2O3 as a representative catalyst and used 
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it over 6 runs (Figure 5.9) 

activities and BET surface areas, we found that the catalyst is 

 

 

Figure 5.8 Activity testing of Pt/Al
compared to commercial Pt/Al
performed at 20oC and 1.1 bar, except levulinic acid hydrogenation: 70 

 

 

 

This high durability indicates that the size and shape of Pt particles are considerably 

unchanged during reaction. This also implies that the interaction of the Pt particles 

with the alumina support is strong. Platinum catalyst

hydrazine as reductant12 

that our Pt/Al2O3 catalyst, as we already mentioned in the previous paper, is more 

suitable for mild temperature reaction
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it over 6 runs (Figure 5.9) of AMS hydrogenation. From the observed

and BET surface areas, we found that the catalyst is very stable.

Activity testing of Pt/Al2O3 prepared via the thermo-destabilization method (*) 
compared to commercial Pt/Al2O3 for the hydrogenation reaction. All reactions were 

C and 1.1 bar, except levulinic acid hydrogenation: 70 oC and 1.3 bar.

This high durability indicates that the size and shape of Pt particles are considerably 

unchanged during reaction. This also implies that the interaction of the Pt particles 

with the alumina support is strong. Platinum catalysts which we prepared with 

 also show excellent stability. However, we need to emphasize 

catalyst, as we already mentioned in the previous paper, is more 

suitable for mild temperature reactions.  

Methyl styrene Methyl crotonate Itaconic acid Levulinic acid 

 

of AMS hydrogenation. From the observed catalytic 

y stable.  

 

destabilization method (*) 
hydrogenation reaction. All reactions were 

C and 1.3 bar. 

This high durability indicates that the size and shape of Pt particles are considerably 

unchanged during reaction. This also implies that the interaction of the Pt particles 

which we prepared with 

excellent stability. However, we need to emphasize 

catalyst, as we already mentioned in the previous paper, is more 

 



 

Figure 5.9 Stability test of Pt/Al

 
 

5.4. Conclusion 

Here, we have demonstrated an optimized synthesis of supported Pt catalysts with 

thermo-destabilization of microemulsions by using AA as reducing agent and K

as metal precursor. As a weak reducing agent, ascorbic acid promotes a slow reduction 

of Pt ions and induces anisotropic growth which results in dendritic shape. This 

remarkable nanostructure is indeed highly attractive for catalytic applications because 

it has more edges and kinks. The intriguing aspect of the dendrite Pt nanoparticles 

discussed here is that the shape of nanoparticles is a key factor to the high activity 

spite of the bigger size. Accordingly, the lower catalytic activity of the smaller iso

particles which is described in this work shows that

smaller particles does not always lead to a better catalyst. In addition, the support 

material is also an important factor to improve the activity of the catalys

that the interaction between the particles and the support material which depends on 

the value of the zeta potential, influences 

 

Although the test reactions given here refer to

catalytic performance can be

conditions. 
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Stability test of Pt/Al2O3 catalyst that produced with ascorbic acid

 

Here, we have demonstrated an optimized synthesis of supported Pt catalysts with 

destabilization of microemulsions by using AA as reducing agent and K

metal precursor. As a weak reducing agent, ascorbic acid promotes a slow reduction 

of Pt ions and induces anisotropic growth which results in dendritic shape. This 

remarkable nanostructure is indeed highly attractive for catalytic applications because 

as more edges and kinks. The intriguing aspect of the dendrite Pt nanoparticles 

discussed here is that the shape of nanoparticles is a key factor to the high activity 

spite of the bigger size. Accordingly, the lower catalytic activity of the smaller iso

particles which is described in this work shows that the strategy of making smaller and 

smaller particles does not always lead to a better catalyst. In addition, the support 

material is also an important factor to improve the activity of the catalys

interaction between the particles and the support material which depends on 

eta potential, influences or even controls the dispersion.

eactions given here refer to double bond hydrogenations, sim

can be expected with other important reactions under mild 
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catalyst that produced with ascorbic acid 

Here, we have demonstrated an optimized synthesis of supported Pt catalysts with 

destabilization of microemulsions by using AA as reducing agent and K2PtCl4 

metal precursor. As a weak reducing agent, ascorbic acid promotes a slow reduction 

of Pt ions and induces anisotropic growth which results in dendritic shape. This 

remarkable nanostructure is indeed highly attractive for catalytic applications because 

as more edges and kinks. The intriguing aspect of the dendrite Pt nanoparticles 

discussed here is that the shape of nanoparticles is a key factor to the high activity in 

spite of the bigger size. Accordingly, the lower catalytic activity of the smaller isotropic 

the strategy of making smaller and 

smaller particles does not always lead to a better catalyst. In addition, the support 

material is also an important factor to improve the activity of the catalyst. We suggest 

interaction between the particles and the support material which depends on 

the dispersion. 

double bond hydrogenations, similar 

with other important reactions under mild 
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Chapter 6  

 

Preparation of Pd, Ru and Ag 
supported metal catalysts 
 

 

 

 

Each metal has different chemical and physical properties which depend sensitively on 

particle size and shape. Therefore, it can be expected that the synthesis of supported 

metal catalysts, although the same synthesis procedure is applied to different metals,  

leads to catalysts which have different features. For example, as it has been described in 

the previous chapter, the zeta potential of a metal nanoparticle plays an important role 

in the metal dispersion on the support. As a result, because each metal has a different 

value of the zeta potential, the dispersions of obtained supported metal will be different 

from one to another. Based on this fact, the approach should be to elucidate whether the 

thermo-destabilization of microemulsions can be used for the preparation of different 

supported metal catalysts.  

 

Aside from catalysts preparation, different metal catalysts also show different activities 

in a chemical reaction at the same conditions. Chapters four and five have presented in 

detail the preparation of supported Pt catalysts and  their performance. In this chapter, 

the preparation of supported Pd, Ru and Ag catalysts via the thermo-destabilization of 

microemulsions will be discussed including their performance (Pd and Ru) in 

hydrogenation of α-methyl styrene, methyl crotonate and levulinic acid.  
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6.1 Microemulsion composition for the synthesis of metal 
nanoparticles 

As already mentioned in Chapter 3, the reaction temperature was considered to 

determine the microemulsion composition in the synthesis of nanoparticles.  At the 

beginning of this work, we intended to find the microemulsion composition which can 

produce small nanoparticles (less than 5 nm) at room temperature. Because the 

nanoparticle size is proportional to the value of  ω (molar ratio of water to surfactant), 

two values of ω were taken for comparison, i.e. ω = 13 and ω = 15 (see Figure 6.1 

upper and middle). The corresponding TEM images of both ω  confirm that if the value 

of ω increases, the size of nanoparticles will increase. These two kinds of Pt 

nanoparticles (produced with ω = 13 and ω = 15) were synthesized with using 

hydrazine as the reductant.  

 

Although the activities of the Pt particles produced by ω = 13 and ω = 15 are higher 

than the commercial ones, the structure of the particles is still isotropic which is 

composed of mostly lower index planes such as {111} or {100}. Based on the 

literature1–4, the activity can be more increased by changing the particle shape to an 

irregular or anisotropic structure because it provides high index planes. This can be 

done by a slow reduction process which can be promoted by a weak reducing agent and 

low reduction temperature. In order to produce a more irregular structure which may 

provide more defect structures, a bigger size is favorable. Therefore, a bigger value of ω 

= 26 was chosen to provide bigger droplets. Expectedly, the size of the Pt particles is 

bigger than those of ω = 13 and ω = 15 as displayed in Figure 6.1. In this case, ascorbic 

acid is used as the reductant. Another advantage of having bigger nanoparticles is that 

the TEM instrument can clearly show the anisotropic structure.  Therefore, the value 

of ω = 26 (that is with α = 0.75 and γ = 0.4) is chosen in the synthesis the Ag, Pd, and 

Ru nanoparticles for the comparison. 

 

It is very interesting to identify that not only does the reaction temperature play an 

important role for the size, but also for the final shape of the nanoparticles.5 Ren and 

Tilley demonstrated that the morphology of platinum nanocrystals is highly dependent 

on the reduction temperature. When the temperature is increased, the number of 

branches in the Pt nanocrystals increases, producing tripods, octapods, or multipods.6  
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Figure 6.1 Left: Phase behaviour ‘fish diagrams’ of microemulsions (water
cyclohexane-pentanol-Triton X
images of the Pt nanoparticles in the w/o microemulsion prepared according to the 
value of the corresponding 
fish diagrams. 
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Phase behaviour ‘fish diagrams’ of microemulsions (water
Triton X-100) at different oil compositions (α

images of the Pt nanoparticles in the w/o microemulsion prepared according to the 
value of the corresponding ω (molar ratio of water to surfactant) that is shown in the 

 

Phase behaviour ‘fish diagrams’ of microemulsions (water-
α). Right: TEM 

images of the Pt nanoparticles in the w/o microemulsion prepared according to the 
(molar ratio of water to surfactant) that is shown in the 
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Therefore, as a deposition method to produce supported metal catalysts, thermo-

destabilization of microemulsions is very suitable to promote the production of highly 

faceted nanocrystals, because the key element of the method is increasing the 

temperature. Therefore, when the temperature of microemulsions containing the metal 

particles is increased during the deposition, the shape renovation of particles to the 

anisotropic structure is induced. 

 
 

6.2 Effect of growth time 

In the microemulsion system, the nucleation and growth of particles are restricted 

within the water droplets. The advantage of this method is the ability to control the 

particle size and morphology by adjusting the corresponding parameters such as the 

concentration and type of surfactant, the concentration of precursors, molar ratio of 

water to surfactant, etc. In addition, it is also possible to tailor the size and structure of 

the final product by suitably controlling the reactions such as adjusting the growth 

time of the particle. 

 

To study the growth mechanism of the nanoparticles inside the microemulsions, silver 

was taken as the metal because it is particularly efficient at absorbing and scattering 

light and shows different colors that indicate the size and the shape of the particle. To 

produce silver nanoparticles, the microemulsion containing silver nitrate was mixed 

with microemulsion containing hydrazine hydrate as a reducing agent. The formation 

of the silver nanoparticles was monitored using UV-Vis absorption spectroscopy. The 

UV-Vis spectroscopy revealed the formation of silver nanopartícles by exhibiting the 

typical surface plasmon absorption at 418-420 nm from the UV–Vis spectrum. 

 

Three kinds of concentrations of Ag precursor were prepared to observe the growth 

profiles. As can be seen in Figure 6.2 (left), the growth profiles of Ag nanoparticles 

produced by each Ag concentration look quite similar and seem to follow the profile of 

the La Mer growth (right). It is interesting to see that in this case, all the Ag growth 

profiles have the same peak at about 15 minutes and a plateau at about 30 minutes. This 

may indicate that in the case of Ag nanoparticles , the self-nucleation ends at about 30 

minutes and afterward  the particles start to grow. Although the growth profile given 
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here refers to Ag nanoparticle formation, similar profile

other metals such as Pt, Pd, and Ru.

It is not by chance that Figure 

although the catalytic activities of Pd and

time are plotted. However, from this figure at least one can conclude that after 4 hr, the 

Pd and Ru nanoparticles are in the equilibrium stage of the size and shape. 

 

Figure 6.2 The growth profiles of Ag nanoparticles with different amount
precursor in the microemulsion (left)
nucleation and growth of particle in colloidal synthesis (right).   

 

Figure 6.3 Activities of 0.1%
growing time. Both catalysts were tested in hydrogenation of methyl crotonate at 20 
and 1.1 bar. 
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to Ag nanoparticle formation, similar profiles might also be expected with 

other metals such as Pt, Pd, and Ru. 

It is not by chance that Figure 6.3 shows a similar profile for the Ag g

the catalytic activities of Pd and Ru catalysts prepared with different growth 

owever, from this figure at least one can conclude that after 4 hr, the 

Pd and Ru nanoparticles are in the equilibrium stage of the size and shape. 

The growth profiles of Ag nanoparticles with different amount
microemulsion (left), which look like the profile of the La Mer model for 
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6.3  Effect of feeding rate

As already mentioned in Chapter

activity of the produced catalyst. Song et al.

precursor is important to control the size of metal nanocrystals. The reducing rate can 

also be slowed down by adding the metal precursor over a long period of time rather 

than dissolving all the precursors at the in

more multifaceted Ag nanocrystals in the final stage by adding a mixture of Ag 

precursor over long time.

reducing agent was added all at once, small and irregular Pt particles were generated 

with the average size less than 4 nm. On the other hand, slow addition of the reducing 

agent over a period of 30 min led to polycrystalline particles larger than 13 nm. These 

experiments indicate that the particle size can be adjusted by controlling 

concentration of seeds formed at the early stages of the reaction. 

 

Figure 6.4 shows the effect of feeding rate of 

the microemulsion containing metal

and slow feeding (0.2 ml/s), on

Pd/Al2O3). It is noted here

reductant. Although both c

they show the same tendency. The higher 

slow feeding rate of reductant indicates that the structure

produced nanoparticles hav

 

Figure 6.4 Differences in catalytic activity of Pt and Pd catalysts for the hydrogenation 
reactions of alpha methyl styrene (left) and methyl crotonate (right) caused by different 
feeding methods. Both catalysts were prepared with ascorbic acid as the reductant.
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Effect of feeding rate 

As already mentioned in Chapters two and five, the reducing rate may affect the 

activity of the produced catalyst. Song et al.7 reported that the addition rate of the 

precursor is important to control the size of metal nanocrystals. The reducing rate can 

also be slowed down by adding the metal precursor over a long period of time rather 

than dissolving all the precursors at the initial stage. Yang et al. obtained larger and 

more multifaceted Ag nanocrystals in the final stage by adding a mixture of Ag 

precursor over long time.8  Song et al.7 found that if the microemulsion containing the 

added all at once, small and irregular Pt particles were generated 

with the average size less than 4 nm. On the other hand, slow addition of the reducing 

agent over a period of 30 min led to polycrystalline particles larger than 13 nm. These 

indicate that the particle size can be adjusted by controlling 

concentration of seeds formed at the early stages of the reaction.  

Figure 6.4 shows the effect of feeding rate of microemulsion containing reductant to 

containing metal precursor, i.e. by adding all at once (direct feeding)

and slow feeding (0.2 ml/s), on the activity of the produced catalysts (Pd/SBA

). It is noted here that both catalysts were prepared with ascorbic acid

both catalysts were tested with different hydrogenation reactions, 

he same tendency. The higher activity of Pt and Pd catalysts prepared by 

slow feeding rate of reductant indicates that the structures (size and shape) of the 

produced nanoparticles have more active sites than those of the direct feeding. 

Differences in catalytic activity of Pt and Pd catalysts for the hydrogenation 
reactions of alpha methyl styrene (left) and methyl crotonate (right) caused by different 

Both catalysts were prepared with ascorbic acid as the reductant.
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two and five, the reducing rate may affect the 

reported that the addition rate of the 

precursor is important to control the size of metal nanocrystals. The reducing rate can 

also be slowed down by adding the metal precursor over a long period of time rather 

itial stage. Yang et al. obtained larger and 

more multifaceted Ag nanocrystals in the final stage by adding a mixture of Ag 

found that if the microemulsion containing the 

added all at once, small and irregular Pt particles were generated 

with the average size less than 4 nm. On the other hand, slow addition of the reducing 

agent over a period of 30 min led to polycrystalline particles larger than 13 nm. These 

indicate that the particle size can be adjusted by controlling the 

containing reductant to 

precursor, i.e. by adding all at once (direct feeding) 

the activity of the produced catalysts (Pd/SBA-15 and 

that both catalysts were prepared with ascorbic acid as the 

atalysts were tested with different hydrogenation reactions, 

activity of Pt and Pd catalysts prepared by 

(size and shape) of the 

e more active sites than those of the direct feeding.  

 

Differences in catalytic activity of Pt and Pd catalysts for the hydrogenation 
reactions of alpha methyl styrene (left) and methyl crotonate (right) caused by different 

Both catalysts were prepared with ascorbic acid as the reductant. 
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According to the classical nucleation theory, adding the reductant all at once will 

increase the formation rate of nuclei more significantly than the growth rate of the 

nanocrystals. As a result, large numbers of tiny nanoparticles with high surface area are 

formed in a short time. On the contrary, a lower supersaturation produced by longer 

feeding time leads to a smaller number of nuclei and a bigger particle size. Additionally, 

slow feeding of reductant causes the reaction conditions to be as if the metal precursor 

always has high concentration. A large number of metal nanoparticles will be formed at 

a higher concentration of metal precursor. As a result, the collision frequency increases 

significantly, which results in bigger particles 

 

As already mentioned, from the literature and from the results shown in Chapter five, 

the structure of nanoparticles produced with ascorbic acid is anisotropic dendrite 

structure. Thus, the result shown here may also indicate that although the size of 

particles produced with slow feeding is bigger than those of direct feeding, their 

activities are still higher. To reemphasize again, in the case of anisotropic structure, the 

shape, up to a point, affects the activity more than the size of nanoparticles.  

 

6.4  Effect of initial concentration of metal precursor 

The effect of the initial concentration of metal precursor on the activity of the produced 

catalyst is also investigated. Chen et al.9 reported that the size of the produced metal 

nanoparticles is influenced by the initial concentration of metal precursor.  Supported 

Pd and Ru metal catalysts were prepared with different concentrations of metal 

precursor in  two and twelve hours of reducing time. The activity of the produced 

catalysts were then tested in hydrogenation of methyl crotonate as shown in Figure 

6.5. The result shows that the activities of both catalysts decrease by increasing the 

metal precursor concentrations, which is in agreement with the results from Chen et al.  

In the case of Ag nanoparticles, Zhang et al.10 reported that at a higher concentration, if 

the concentration of AgNO3 increases, the mean diameter of Ag nanoparticles also 

increases because the silver nanoparticles begin to aggregate and form into large 

particles.  
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Figure 6.5  Activities of s
concentrations and with slow feeding rate of reductant. Left : Pd/Al
as reductant. Right : Ru/Al
tested in hydrogenation of methyl crotonate at 20 

 

 

The concentrations of the metal precursor affect the reduction rate. The rates of both 

nucleation and growth are determined mainly by the probabilities of the collision

between two atoms, between one atom and a nucleus, and between two nuclei. 

Therefore, when the metal precursor concentration is low, the formation rate of metal 

nuclei is higher than the growth rate of metal nanocrystals. There are amount

nanoparticles formed with high surface area in a short time. These smaller particles can 

absorb surfactant molecules onto their surfaces to prevent them from aggregation, 

is thus favorable to form fine nanoparticles. On the contrary, when 

concentration is high, the reduction rate of metal ions increases and a large number of 

nanocrystals are thus formed. As a result, the collision frequency among them increases 

significantly. The small nanoparticles tend to aggregate to form larger particles.

 

It is interesting to see that

from a slow feeding rate 

formed due to higher concentration, lower activit

in the former case, the slow feeding promotes slow reduction rate thus induce

primarily the (anisotropic) structure, whereas 

induces the collision between particles which results in bigger partic

isotropic structure. 
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Activities of supported metal catalysts prepared with different initial metal 
concentrations and with slow feeding rate of reductant. Left : Pd/Al2O3 prepared with AA 

Ru/Al2O3 prepared with hydrazine as reductant. Both catalysts were 
tested in hydrogenation of methyl crotonate at 20 oC and 1.1 bar. 

The concentrations of the metal precursor affect the reduction rate. The rates of both 

nucleation and growth are determined mainly by the probabilities of the collision

between two atoms, between one atom and a nucleus, and between two nuclei. 

metal precursor concentration is low, the formation rate of metal 

nuclei is higher than the growth rate of metal nanocrystals. There are amount

articles formed with high surface area in a short time. These smaller particles can 

absorb surfactant molecules onto their surfaces to prevent them from aggregation, 

is thus favorable to form fine nanoparticles. On the contrary, when 

tration is high, the reduction rate of metal ions increases and a large number of 

nanocrystals are thus formed. As a result, the collision frequency among them increases 

significantly. The small nanoparticles tend to aggregate to form larger particles.

is interesting to see that, as described in subchapter 6.3 the bigger particles 

slow feeding rate have higher activities. In the case of the bigger particles 

higher concentration, lower activities are observed. This 

in the former case, the slow feeding promotes slow reduction rate thus induce

the (anisotropic) structure, whereas in the later case, the higher concentration

the collision between particles which results in bigger partic
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upported metal catalysts prepared with different initial metal 
prepared with AA 

Both catalysts were 

The concentrations of the metal precursor affect the reduction rate. The rates of both 

nucleation and growth are determined mainly by the probabilities of the collisions 

between two atoms, between one atom and a nucleus, and between two nuclei. 

metal precursor concentration is low, the formation rate of metal 

nuclei is higher than the growth rate of metal nanocrystals. There are amounts of small 

articles formed with high surface area in a short time. These smaller particles can 

absorb surfactant molecules onto their surfaces to prevent them from aggregation, so it 

is thus favorable to form fine nanoparticles. On the contrary, when the metal 

tration is high, the reduction rate of metal ions increases and a large number of 

nanocrystals are thus formed. As a result, the collision frequency among them increases 

significantly. The small nanoparticles tend to aggregate to form larger particles. 

the bigger particles resulting 

. In the case of the bigger particles 

ed. This indicates that, 

in the former case, the slow feeding promotes slow reduction rate thus induces 

e, the higher concentration 

the collision between particles which results in bigger particles but more 
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6.5  Effect of the zeta potential to the deposition yield and 
the activity  

As is generally known, a charged particle will attract ions of opposite charge. The 

metal nanoparticles that are produced by growth of the nuclei have a certain charge on 

the surface. The metal nanoparticles form a strongly bound layer close to the surface. 

The ions which are further away from the core metal particle make up a diffuse layer, 

more loosely bound to the particle (Figure 6.6). Within this diffuse layer is a theoretical 

boundary, in which the particle and its associated ions act as a single entity, diffusing 

through the dispersion together. The plane at this boundary is known as the surface of 

hydrodynamic shear, or the slipping plane. The potential at this boundary is known as 

the zeta potential. 

 

Not only the metal nanoparticles, but also the support material that is used in the 

deposition process  has a zeta potential. Therefore it is important to observe the effect 

of the zeta potential of both materials in the deposition yield and the activity of the 

produced catalysts. Table 6.1 presents the experimentally measured zeta potential of 

the support materials and metal nanoparticles that are used in this work. 

 

Tabel 6.1 Zeta potentials of the support materials and metal nanoparticles 

 

The zeta potential may have played a role in determining the successful deposition of 

the silver (Ag) nanoparticles. Figure 6.6 illustrates the deposition of Ag nanoparticles 

on acidic alumina. Experimentally measured, the zeta potential of the Ag nanoparticles 

is around -50 mV. From the three aluminium oxide supports, the acid one has the most 

positive zeta potential of around +45 mV. This value is followed by the neutral Al2O3 at 

Support 
Material 

ζ-Potential           
(mV)  

Metal 
nanoparticle 

ζ-Potential 
(mV) 

acidic-Al2O3 + 45 Ag -50 

neutral-Al2O3 + 20 Pt -24 

basic- Al2O3 + 10 Pd +25 

SBA-15 -20 Ru +57 
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around +40 mV and lastly by the base support at around +10 mV. From the 

illustration in Figure 6.6, one can predict that the particle with the most negative zeta 

potential is adsorbed the strongest at the support with the most positive zeta potential. 

As the zeta potential value of the acidic Al2O3 is the most positive, the Ag nanoparticles 

are naturally attracted to the positive surface potential of the support. As a result, the 

yield percentage of the Ag on acidic Al2O3 is the highest in comparison to the other 

aluminium oxide supports (see right-hand side of Figure 6.7), although only a slight 

difference with regards to the yield percentage of the three supports is observed. This 

may indicate that the high negative charge of Ag nanoparticles is still attractive to the 

positively charged material even for the mildly charged one such as basic alumina. 

Therefore, it can be concluded that aluminum oxide is a very suitable catalyst support 

for Ag nanoparticles, especially the acidic Al2O3. 

 

 

Figure 6.6   Schematic illustration of Ag nanoparticle deposition onto acidic alumina.  Ions 
adsorb onto the surface of the Ag nanoparticles creating an electrical double layer. The 
potential in the second layer is called zeta potential.  
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In order to increase the % loading of the metal on the support material,  the amount of 

the metal in the microemulsions is increased while the amount of the support is fixed.  

Figure  6.8 shows the profiles of % loading of Ag, Pd, Ru and Pt on 2000 mg of basic 

alumina versus the amount of metal in the microemulsions. Among other metals, Ag 

nanoparticles show the highest slope (upper left) followed by Pd, Ru and Pt, 

respectively. The slope in

value of the zeta potential. As can be seen in Table 6.1, the zeta potential of basic 

alumina is +10 mV, whereas Ag, Pd, Ru, Pt are 

 

 

Figure 6.7  Left: Deposition percentage of different metals on basic Al
destabilization method. The amount
system is 6 mg. Right: The yield of Ag deposition 
high deposition yield of Ag to all the supports 
potentials between Ag (-50 mV) and acid
respectively).  

 
 

It is observed that the zeta potential indirectly affects the activity of the produced 

catalyst, as shown in Figure 6.9. It is inter

the same charge like the supporting alumina

be attributed to the van der Waals interaction.

are higher than Pd catalysts (Figure 6.9) mo

better dispersion than Pd catalysts. Ru 

(+25 mV), whereas the zeta potential of acidic, neutral and basic Al

and +10 mV, respectively. The more positively charged support particles are more 

likely to interact with the less positively charged metal particles which can result in 
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In order to increase the % loading of the metal on the support material,  the amount of 

the metal in the microemulsions is increased while the amount of the support is fixed.  

Figure  6.8 shows the profiles of % loading of Ag, Pd, Ru and Pt on 2000 mg of basic 

alumina versus the amount of metal in the microemulsions. Among other metals, Ag 

noparticles show the highest slope (upper left) followed by Pd, Ru and Pt, 

respectively. The slope indicates the driving force or affinity which can be related to the 

value of the zeta potential. As can be seen in Table 6.1, the zeta potential of basic 

mina is +10 mV, whereas Ag, Pd, Ru, Pt are -50, -25, +57 and +24, respectively.
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catalyst, as shown in Figure 6.9. It is interesting to see that although

charge like the supporting alumina, a deposition still can take place.
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are higher than Pd catalysts (Figure 6.9) most probably because Ru catalysts
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%
 A

g 
de

po
si

tio
n 

on
  A

l 2
O

3 

In order to increase the % loading of the metal on the support material,  the amount of 

the metal in the microemulsions is increased while the amount of the support is fixed.  

Figure  6.8 shows the profiles of % loading of Ag, Pd, Ru and Pt on 2000 mg of basic 

alumina versus the amount of metal in the microemulsions. Among other metals, Ag 

noparticles show the highest slope (upper left) followed by Pd, Ru and Pt, 

inity which can be related to the 

value of the zeta potential. As can be seen in Table 6.1, the zeta potential of basic 

25, +57 and +24, respectively. 

Deposition percentage of different metals on basic Al2O3 with thermo-
prepared in each microemulsion 

on acidic, basic and neutral alumina. The 
because of the big difference of the zeta 

ic, neutral and basic alumina (+45, +40, +10 mV, 

It is observed that the zeta potential indirectly affects the activity of the produced 

esting to see that although Pd and Ru have 

deposition still can take place. This can 

The activities of supported Ru cataylsts 

st probably because Ru catalysts have a 

ore positively charged (+57 mV) than Pd 

2O3 are +45, +40 

respectively. The more positively charged support particles are more 

interact with the less positively charged metal particles which can result in 



 Preparation of P

better dispersion. Therefore, in this case, the dispersion of Ru is

followed by neutral Al2O

particles in hydrogenation of 

potential of -24 mV,  this results in an activity decrease of Pt catalysts with the support 

material ranking from acidic to basic Al

 

  

 

 

 

 

                                                                     

 
    

 
 
 
 
 
 
 
 
 

 

 

Figure 6.8  Loading of different metal catalysts on basic alumina as 
amount (mg) of corresponding metal in the precursor solutions. The slope shown in
profile indicates the affinity

 

6.6  Effect of the support type 

To confirm the results that have been presented in Chapter

the effect of the support type 

related to supported Pd and Ru catalysts will be discussed.  As we can see in Figure 
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better dispersion. Therefore, in this case, the dispersion of Ru is better o

O3 and acid Al2O3. This result is opposite to the activity of Pt

particles in hydrogenation of α-methyl styrene (see the inset). Because Pt has

24 mV,  this results in an activity decrease of Pt catalysts with the support 

material ranking from acidic to basic Al2O3. 

                                                                      

oading of different metal catalysts on basic alumina as 
amount (mg) of corresponding metal in the precursor solutions. The slope shown in
profile indicates the affinity of metal particles to the support material.    

Effect of the support type on the activity  

To confirm the results that have been presented in Chapters four and five concerning 

the effect of the support type on the activity of supported Pt catalysts, here this matter 

related to supported Pd and Ru catalysts will be discussed.  As we can see in Figure 
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better on basic Al2O3 

. This result is opposite to the activity of Pt 

methyl styrene (see the inset). Because Pt has a zeta 

24 mV,  this results in an activity decrease of Pt catalysts with the support 

oading of different metal catalysts on basic alumina as a function of the 
amount (mg) of corresponding metal in the precursor solutions. The slope shown in each 

 

four and five concerning 

the activity of supported Pt catalysts, here this matter 

related to supported Pd and Ru catalysts will be discussed.  As we can see in Figure 
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6.10, the activities of Pd and Ru catalysts in methyl crotonate hydrogenation are higher 

when supported on MCM

for this account is the structure of the support

structure of the supported Pd and Ru catalysts by the SEM images.

MCM-41 seems to promote better dispersion of 

SBA-15 and Al2O3. Not only the support structure, if we now compare the zeta 

potentials of MCM-41, SBA

(on average), whereas the zeta potentials of Pd and Ru are +25 and +57 mV, we can 

conclude that both metal

 

Figure 6.9  Activities of Pd 
hydrogenation of methyl crotonate. The inset is activities of Pt catalyst supported on 
different acidity of Al2O3

activities between Pt catalyst and Pd and Ru catalyst
of zeta potential. 

 

6.7  Effect of pre

Another possible method 

support material (pre-calcinations). The support was preheated at 500 

the intention of removing
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6.10, the activities of Pd and Ru catalysts in methyl crotonate hydrogenation are higher 

when supported on MCM-41 followed by SBA-15 and Al2O3. The most p

for this account is the structure of the support. Figure 6.11 and 6.12 show 

structure of the supported Pd and Ru catalysts by the SEM images. 

41 seems to promote better dispersion of both Pd and Ru cataly

. Not only the support structure, if we now compare the zeta 

41, SBA-15 and Al2O3 which are -20, -25 and +20 mV, respectiv

n average), whereas the zeta potentials of Pd and Ru are +25 and +57 mV, we can 

conclude that both metals are not well dispersed on alumina. 

Activities of Pd and Ru catalysts supported on different acidity of Al
hydrogenation of methyl crotonate. The inset is activities of Pt catalyst supported on 

3 in hydrogenation of α-methyl styrene. The opposite trend of 
between Pt catalyst and Pd and Ru catalysts is because of the the different value 

Effect of pre-calcination of the support 

possible method to improve the deposition yield and activity is to preheat the 

calcinations). The support was preheated at 500 

of removing any gas or moisture inside of the support pores so that the 

6.10, the activities of Pd and Ru catalysts in methyl crotonate hydrogenation are higher 

. The most probable reason 

. Figure 6.11 and 6.12 show clearly the 

 The structure of 

Pd and Ru catalysts compared to 

. Not only the support structure, if we now compare the zeta 

25 and +20 mV, respectively 

n average), whereas the zeta potentials of Pd and Ru are +25 and +57 mV, we can 

 

supported on different acidity of Al2O3 in 
hydrogenation of methyl crotonate. The inset is activities of Pt catalyst supported on 

e opposite trend of 
is because of the the different value 

to improve the deposition yield and activity is to preheat the 

calcinations). The support was preheated at 500 0C for 2 hr with 

any gas or moisture inside of the support pores so that the 
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particles can get into the pores without barrier. Here, Pt and Pd nanoparticles were 

synthesized using ascorbic acid as the reductant and deposited on basic

with or without pre-calcinations. Interestingly, as we can see in Table 6.2

significant difference on yield of deposition of both metals on the support, with and 

without pre-calcinations. However, in the case of activity, only the supported Pt 

catalysts show substantial difference

This might be attributed to the metal dispersion on the support with the correlation to 

the value of the zeta potential of the involved materials.

 

 

Figure 6.10  Activities of Pd 
hydrogenation of methyl crotonate at 20 

 
 

Because the value of the 

different to the basic-Al2O

the dispersion of nanoparticles on the support. In fact, they both are positively charge

materials. On the contrary,

nanoparticles (=-24 mV) with the basic

effect to the dispersion of nanoparticles on the support.
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particles can get into the pores without barrier. Here, Pt and Pd nanoparticles were 

using ascorbic acid as the reductant and deposited on basic

calcinations. Interestingly, as we can see in Table 6.2

significant difference on yield of deposition of both metals on the support, with and 

calcinations. However, in the case of activity, only the supported Pt 

lysts show substantial difference, with and without pre-calcinations of the supp

This might be attributed to the metal dispersion on the support with the correlation to 

value of the zeta potential of the involved materials. 

Activities of Pd and Ru catalysts supported on different support
hydrogenation of methyl crotonate at 20 oC and 1.1 bar. 

Because the value of the ζ-potential of Pd nanoparticles (= +25 mV) is not so much 

O3 (= +10 mV), the pre-calcination has no significant effect on

nanoparticles on the support. In fact, they both are positively charge

materials. On the contrary, considering the contrast value of the ζ

mV) with the basic-Al2O3, the pre-calcination gives considerable 

effect to the dispersion of nanoparticles on the support. 

Type of support 
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particles can get into the pores without barrier. Here, Pt and Pd nanoparticles were 

using ascorbic acid as the reductant and deposited on basic-Al2O3, either 

calcinations. Interestingly, as we can see in Table 6.2, there is no 

significant difference on yield of deposition of both metals on the support, with and 

calcinations. However, in the case of activity, only the supported Pt 

calcinations of the support. 

This might be attributed to the metal dispersion on the support with the correlation to 

 

supported on different supports in 

potential of Pd nanoparticles (= +25 mV) is not so much 

has no significant effect on 

nanoparticles on the support. In fact, they both are positively charged 

ζ-potential of Pt 

calcination gives considerable 
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Figure 6.11 SEM images of supported Pd catalysts (left) and the 
(right): Pd/MCM-41 ( top), Pd/SBA

 

This may also indicate that the pre

group to such an extent that it

increasing the alumina pre

of the hydroxyl bands, although a significant number of hydroxyl bands remain even 

after calcination at 700o

surface hydroxyl groups was varied by changing the support precalcination 

temperature. As the calcinations temperature increased, the number of hydroxyl groups 

decreased as evidenced by infrared spectroscopy.
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SEM images of supported Pd catalysts (left) and the corresponding EDX 
41 ( top), Pd/SBA-15 (middle), Pd/Al2O3 (bottom). 

This may also indicate that the pre-calcination process causes the Al2O

to such an extent that it becomes more acidic. Miller et al. reported that  

increasing the alumina pre-calcination temperature results in a decrease in the intensity 

of the hydroxyl bands, although a significant number of hydroxyl bands remain even 

oC. They found that in the alumina catalysts, the number of

surface hydroxyl groups was varied by changing the support precalcination 

temperature. As the calcinations temperature increased, the number of hydroxyl groups 

decreased as evidenced by infrared spectroscopy.11 

                        

  

 

corresponding EDX 

O3 to lose its –OH 

Miller et al. reported that  

calcination temperature results in a decrease in the intensity 

of the hydroxyl bands, although a significant number of hydroxyl bands remain even 

C. They found that in the alumina catalysts, the number of 

surface hydroxyl groups was varied by changing the support precalcination 

temperature. As the calcinations temperature increased, the number of hydroxyl groups 
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Figure 6.12 SEM images of supported Ru catalysts (left) and the corresponding EDX 
(right): Ru/MCM-41 ( top) and 

 

 

The acidic Pt nanoparticles (

the acidic support which results in less agglomeration on the support, thus leading 

higher activity. In the case of supported Pd catalysts, although 

difference in the activity (Table 6.2), the alkalinity of Pd nanoparticles (

=+25 mV) causes them to be less stable before attaching to the more acidic support. As 

a result, it produces Pd agglomeration on the support, thus leading to the lower 

activity. As can be seen in Figure 6.1

alumina without precalcination is better than those on the precalcinated one. The few 

particles on the precalcinated support indicate that the dipersion is not uniform. 

 

The same percentage of deposition 

lead to the conclusion that the loss

influence the adsorption of particles, but rather 

Preparation of Pd, Ru and Ag supported metal catalyst

 

 

 

SEM images of supported Ru catalysts (left) and the corresponding EDX 
41 ( top) and Ru/SBA-15 (bottom). 

The acidic Pt nanoparticles (ζ-potential =-24 mV) are more stable before attach

the acidic support which results in less agglomeration on the support, thus leading 

case of supported Pd catalysts, although there

difference in the activity (Table 6.2), the alkalinity of Pd nanoparticles (

=+25 mV) causes them to be less stable before attaching to the more acidic support. As 

a result, it produces Pd agglomeration on the support, thus leading to the lower 

activity. As can be seen in Figure 6.13, the dispersion of the Pd particles on 

alumina without precalcination is better than those on the precalcinated one. The few 

particles on the precalcinated support indicate that the dipersion is not uniform. 

The same percentage of deposition for with and without precalcination

the conclusion that the loss of some OH groups of the support does not 

ion of particles, but rather the changing of pH, which in turn, 

supported metal catalyst            125            

 

 

SEM images of supported Ru catalysts (left) and the corresponding EDX 

24 mV) are more stable before attaching to 

the acidic support which results in less agglomeration on the support, thus leading to 

there is not so much 

difference in the activity (Table 6.2), the alkalinity of Pd nanoparticles (ζ-potential 

=+25 mV) causes them to be less stable before attaching to the more acidic support. As 

a result, it produces Pd agglomeration on the support, thus leading to the lower 

particles on basic 

alumina without precalcination is better than those on the precalcinated one. The few 

particles on the precalcinated support indicate that the dipersion is not uniform.  

ion (Table 6.2) may 

of some OH groups of the support does not 

he changing of pH, which in turn, 
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affects the dispersion. Therefore, this is not the same with phenomena that happen in 

the impregnation technique which generally show the effect of OH groups on either the 

deposition yield or the dispersion.  

 

Table 6.2 Effect of pre-calcination of the support on the yield of deposition and activity. 
Both supported Pt and Pd catalysts were prepared with ascorbic acid as the reductant. 

Pretreatmet    
of support               

(basic-Al2O3) 1) 

Pd/ basic-Al2O3  
2) Pt/basic-Al2O3  

3) 

Deposition 
yield (%) 

Acivity4)  

(µmol.s-1.gPd
-1) 

Deposition 
yield (%) 

Acivity5)  

(µmol.s-1.gPt
-1) 

Without       

pre-calcination 

35.3 13000 36.8 6000 

Pre-calcination 

(500 oC, 2 hr) 

35.7 9000 33.9 29000 

1)  ζ-potential of basic  Al2O3 = +10  mV  
2)  ζ-potential of Pd nanoparticles  = +25  mV  
3)  ζ-potential of Pt  nanoparticles  = -24  mV  
4)   tested in α-methyl styrene hydrogenation 
5)   tested in methyl crotonate hydrogenation 

 

 

6.8  The activity of supported metal catalysts in 
hydrogenation of AMS 

α-Methyl styrene (AMS) hydrogenation is a typical industrial process that involves 

hydrogenation of liquids of low volatility. It proceeds with a considerable rate even at 

low temperature and hydrogen pressure. This is the reason that it is frequently used to 

investigate mass transfer limitations in three-phase catalytic reactors.12–14 The reaction 

is mildly exothermic (∆H =-109 kJ.mol-1).15  
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Figure 6.13  Effect of precalcinations on
basic alumina and the corresponding SEM images. 

 

In this work, supported catalysts with different metals have been prepared with 

thermo-destabilization of microemulsions. Among all the produced catalyst

performing in hydrogenation of AMS from each kind of supported metal was taken, in 

order to compare their activity in that reaction. The result s

catalyst is more active than other supported metal catalysts as shown in Fig

case of Pd and Pt catalysts, the result is in agreement with Schwarze et.al

showed that Pd catalyst is more active than Pt catalyst. In our case, both suppo

and Pt catalysts were prepared with ascorbic acid as the reductant, therefore it is 

expected that the structure of both metal catalysts are anisotropic. Although both 

catalysts are anisotropic, their morphologies are somewhat different as 

images in Figure 6.15. The images of both metals are taken in the absence of surfactant, 

thus it can be said that they are in the equilibrium state (no more change).  From the 

images shown we can see that the Pt particles have more branches than Pd par

however the activity is still lower. Therefore, it can be concluded that in this case the 

type of metal used as the catalyst has 

metal catalyst.  

Preparation of Pd, Ru and Ag supported metal catalyst

 

Effect of precalcinations on the catalytic activity of Pd particles suported on 
basic alumina and the corresponding SEM images.  

 

supported catalysts with different metals have been prepared with 

destabilization of microemulsions. Among all the produced catalyst

in hydrogenation of AMS from each kind of supported metal was taken, in 

order to compare their activity in that reaction. The result shows that supported Pd 

is more active than other supported metal catalysts as shown in Fig

case of Pd and Pt catalysts, the result is in agreement with Schwarze et.al

that Pd catalyst is more active than Pt catalyst. In our case, both suppo

and Pt catalysts were prepared with ascorbic acid as the reductant, therefore it is 

expected that the structure of both metal catalysts are anisotropic. Although both 

catalysts are anisotropic, their morphologies are somewhat different as 

. The images of both metals are taken in the absence of surfactant, 

thus it can be said that they are in the equilibrium state (no more change).  From the 

we can see that the Pt particles have more branches than Pd par

however the activity is still lower. Therefore, it can be concluded that in this case the 

of metal used as the catalyst has a stronger influence than the structure of the 
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the catalytic activity of Pd particles suported on 

supported catalysts with different metals have been prepared with 

destabilization of microemulsions. Among all the produced catalysts, the best 

in hydrogenation of AMS from each kind of supported metal was taken, in 

hows that supported Pd 

is more active than other supported metal catalysts as shown in Figure 6.13. In 

case of Pd and Pt catalysts, the result is in agreement with Schwarze et.al16 who 

that Pd catalyst is more active than Pt catalyst. In our case, both supported Pd 

and Pt catalysts were prepared with ascorbic acid as the reductant, therefore it is 

expected that the structure of both metal catalysts are anisotropic. Although both 

catalysts are anisotropic, their morphologies are somewhat different as shown by TEM 

. The images of both metals are taken in the absence of surfactant, 

thus it can be said that they are in the equilibrium state (no more change).  From the 

we can see that the Pt particles have more branches than Pd particles, 

however the activity is still lower. Therefore, it can be concluded that in this case the 

stronger influence than the structure of the 
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Figure 6.14 Activities of different supported metal catalysts prepared with different 

reducing agents (N2H4 and AA), in hydrogenation of 

 

 

6.9  The activities

hydrogenation of Levulinic Acid

One of the challenging rea

hydrogenation of levulinic acid (LA). The selective reduction of levulinic acid to 

Valerolactone (GVL) is a 

used as renewable fuel, solvent, and feedstock for the production of alkenes and 

transportation fuels, especially when considering that in the future crude oil and 

natural gas resources will be

 

Thus far, LA hydrogenation has been carried out at relatively high reaction 

temperature under high pressure, generally with Ruthenium

example Upare et al.18 produced GVL (100% selectivity) at 100% LA conversion up to 

240 h (10 days) at 265 oC

conducted the LA hydrogenation to GVL at 140

produced 95% conversion of LA to GVL at 
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Activities of different supported metal catalysts prepared with different 

and AA), in hydrogenation of α-methyl styrene. 

ies of supported metal catalysts in 

hydrogenation of Levulinic Acid 

One of the challenging reactions related to the renewable platform chemicals is the 

hydrogenation of levulinic acid (LA). The selective reduction of levulinic acid to 

a very interesting and substantial reaction because GVL can be 

used as renewable fuel, solvent, and feedstock for the production of alkenes and 

transportation fuels, especially when considering that in the future crude oil and 

will be depleted.17 

Thus far, LA hydrogenation has been carried out at relatively high reaction 

temperature under high pressure, generally with Ruthenium-based catalysts. For 

produced GVL (100% selectivity) at 100% LA conversion up to 

C and pressure up to 25 bar using 5 wt.% Ru@C. Tukacs et al. 

conducted the LA hydrogenation to GVL at 140°C and 100 bar.17

produced 95% conversion of LA to GVL at 200°C and 40 bar with 1% Pt@TiO

 

Activities of different supported metal catalysts prepared with different 

of supported metal catalysts in 

platform chemicals is the 

hydrogenation of levulinic acid (LA). The selective reduction of levulinic acid to γ-

very interesting and substantial reaction because GVL can be 

used as renewable fuel, solvent, and feedstock for the production of alkenes and 

transportation fuels, especially when considering that in the future crude oil and 

Thus far, LA hydrogenation has been carried out at relatively high reaction 

based catalysts. For 

produced GVL (100% selectivity) at 100% LA conversion up to 

wt.% Ru@C. Tukacs et al. 

17 Bozell et al.19 

200°C and 40 bar with 1% Pt@TiO2. In the 
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literature, many have reported that in LA hydrogenation, Ru catalysts are more active 

than other metal catalysts.17,18,20,21 

 

 

Figure 6.15 Morphology of Pd (upper) and Pt (bottom) nanoparticles produced using 
ascorbic acid as the reductant in the absence of surfactant. 

 

 In this work, one of the produced Ru catalysts reaches LA conversion of 74% in 18 hr 

while the Pt catalyst reaches 78% in 46 hr (both are tested at 70 oC and 1,3 bar). As a 

comparison, especially in matter of the reaction conditions, the Ru catalyst produced by 

Tukacs et al. reaches LA conversion of 15% in 110 min at 140 oC and 5 bar, whereas the 

Ru and Pt catalyst from this work, in 110 min can reach 19% and 11% respectively at 

70 oC and 1,3 bar. We note that the synthesized catalysts are not yet optimized. 

Therefore, we would conclude that the method that is used in this work has potential to 

produce very active metal catalysts for LA hydrogenation. 
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Figure 6.16 Left: Activities of 0.2% Ru@Al
hydrogenation) prepared with N
different loadings of Ru/Al
and 1.3 bar. 

 

It is interesting to see in Figure 6.1

in LA hydrogenation than 0.2% Ru@Al

structures or the dispersions of the catalysts on the support. Unfortunately, there is no 

evidence such as TEM images to pro

result in Figure 6.15 (right

decreasing of the activities. This may signify that the dispersion of the catalyst 

lower loadings is better than the higher loadings. Nonetheless, further 

comprehensive studies need to be done because those catalysts have not yet

optimized.  

 

6.9  Conclusion 

The supported Ag, Pd and Ru catalysts

of microemulsions. Therefore, this method can be used 

Pt catalysts (Chapters 5 and 6) but also different supported metal catalysts. 

they were prepared with the same procedure, their features are different from one to 

another. For example, because 

(-50 mV) compared to the three other
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Activities of 0.2% Ru@Al2O3 and 0.1 % Pt@Al2O3 
hydrogenation) prepared with N2H4 and AA as reductants respectively. Right:
different loadings of Ru/Al2O3 in LA hydrogenation. The reaction was conducted at 70 

It is interesting to see in Figure 6.16 that the activity of 0.1% Pt@Al2O

in LA hydrogenation than 0.2% Ru@Al2O3. This can be attributed to either

or the dispersions of the catalysts on the support. Unfortunately, there is no 

such as TEM images to prove the first argument. However, if we see

result in Figure 6.15 (right), increasing the loadings of the Ru catalysts leads to the 

ng of the activities. This may signify that the dispersion of the catalyst 

lower loadings is better than the higher loadings. Nonetheless, further 

need to be done because those catalysts have not yet

supported Ag, Pd and Ru catalysts have been prepared via thermo

Therefore, this method can be used to prepare not only supported 

Chapters 5 and 6) but also different supported metal catalysts. 

they were prepared with the same procedure, their features are different from one to 

ecause Ag nanoparticles have the most negative

ared to the three others, they can be deposited easily to the 

   

 catalysts (in LA 
Right:  Activities of 

in LA hydrogenation. The reaction was conducted at 70 oC 

O3 is more active 

to either the crystal 

or the dispersions of the catalysts on the support. Unfortunately, there is no 

the first argument. However, if we see the 

), increasing the loadings of the Ru catalysts leads to the 

ng of the activities. This may signify that the dispersion of the catalyst with the 

lower loadings is better than the higher loadings. Nonetheless, further and more 

need to be done because those catalysts have not yet been 

thermo-destabilization 

not only supported 

Chapters 5 and 6) but also different supported metal catalysts. Although 

they were prepared with the same procedure, their features are different from one to 

negative surface charge 

easily to the acidic, 
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neutral and basic alumina supports which have positive surface charges (+45, +40, +10 

mV, respectively).  

For each supported metal catalyst, the effect of growing time of the nanoparticles on 

the catalytic activity has different profile from one to another. However, the effect of 

the feeding rate of the microemulsion containing the reductant to the microemulsion 

containing the metal precursor on the activity of the resulting supported catalyst seems 

to have the same tendency for each type of metal, as well as the effect of initial 

concentration of metal precursor. The type of support material as well as its zeta 

potential and its acidity also influence the activity of the resulting supported metal 

catalyst.  

The supported Pt, Ag, Pd and Ru catalysts which are presented in this chapter and in 

the previous chapters have not yet been optimized. Even so, the performance of the 

supported Pt and Ru catalysts in challenging reactions such as levulinic acid 

hydrogenation is better than that of catalysts prepared by other methods and show 

potential for further improvement. 
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Chapter 7  

 

Conclusion 
 

 

 

A new method to synthesize supported metal catalysts with controlled size and shape 

has been developed, namely the thermo-destablization of microemulsions. The method 

appears to be promising for the preparation of highly active and stable supported-metal 

catalysts. It involves very simple operations, low preparation temperature, and can 

produce well-dispersed metal particles (with narrow particle size distribution) on the 

support material.  

 

In controlling the size and shape of the (platinum) nanoparticles, both, surfactant and 

reducing agent play an important role. Using a strong reducing agent such as 

hydrazine causes small particle sizes because of the fast growth, and the shape is 

governed by the head group of the surfactant (Triton X-100). When using a weak 

reducing agent like ascorbic acid, the size is bigger because of the slow growth and the 

shape is no longer directed by the surfactant but by the reducing agent. In this case, 

anisotropic growth occurs which results in irregular structures.  

 

Changing to the anisotropic structure of the nanoparticles can substantially enhance 

the catalytic activity. The thermodynamic equilibrium shape of Pt particles produced 

when using hydrazine as the reductant is a truncated octahedron composed of the 

lowest-index crystal planes {111} and {100}, which are known to be the least active. 

The irregular polycrystalline structure produced with ascorbic acid, Pt nanodendrite, is 

composed of the higher index crystal planes especially {311}, {331} and {511}. The 
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high index planes exhibit much higher reactivity because of the low coordination 

number and high density of atomic steps, edges and kinks, which usually serve as active 

sites for breaking chemical bonds.  

 

After testing with the hydrogenation of α-methyl styrene (AMS), the isotropic Pt-

catalyst (2.5 nm) showed higher activity (6 times higher) than commercial ones. The 

performance of the catalyst is optimized by keeping the small size but changing the 

shape to anisotropically structured Pt nanocrystals. The catalytic activity of the 

anisotropic structure is found to be more active (3-4 times) than those of isotropic ones 

although the size is bigger (approx. 5 nm bigger). Therefore, the strategy of making 

smaller and smaller particles does not always lead to a better catalyst.  

 

Other primary factors that affect the size of nanoparticles prepared via the 

microemulsions are the molar ratio of water to surfactant that adjust the size of the 

water droplets, initial molar ratio of metal and reducing agent, growing time, the kind 

of metal (salt) precursor and the feeding rate. 

 

The dispersion of nanoparticles on the support is also responsible for their activity. The 

most important factor that influences the particle dispersion is the zeta potential of 

particle and support material. Choosing the support material with a suitable zeta 

potential is very important, otherwise the designing work of nanoparticles become 

ineffective. A support material which can provide a good particle dispersion and 

interaction is one that has an opposite charge compared to the particles. Other 

parameters that influence the interaction of the support with the nanoparticles released 

from the water droplets during the deposition process are the structure (well ordered 

or not) and the surface area.  

 

Alumina is very suitable to support Ag and Pt nanoparticles because it has an opposite 

zeta potential ( > +10 mV) to Ag particles (-50 mV) and Pt particles (- 25 mV). In the 

case of SBA-15, although it has a high surface area (800 m2/g) and well ordered 

structure, it is difficult to support the Pt particles because the zeta potential of SBA-15 

is similar (-20 mV) to the Pt particle, even more when the particles are bigger than the 

support pore size.  
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Another factor that influences the dispersion of particles is preheating of the support 

material (pre-calcinations). The support was preheated at 500 0C for 2 hr with the 

intention of removing any gas or moisture inside of the support pores so that the 

particles could get into the pores without barrier. Pre-calcination causes the support 

material to lose its –OH group to such an extent that it becomes more acidic. The loss 

of some OH groups of the support influence the pH, which in turn, affects the 

dispersion. 

 

A parameter that can influence the size and the shape of the final supported metal 

catalyst is the calcination temperature. The optimum calcination temperature for the 

materials studied in this work is 300 0C which is sufficient to ensure the removal of the 

remaining surfactant from the synthesis process without causing sintering of the 

nanoparticles. 

 

Preparations of other supported metal nanoparticles such as Pd, Ru and Ag catalysts 

were also studied to elucidate the versatility of the recipe. Pd nanodendrite with highly 

branched structure was produced as well by means of AA as the reducing agent. 

Although the Pt and Pd nanodendrites were prepared with the same synthesis 

procedure and under the same conditions, their structures are somewhat different. 

Metal nanoparticles with a lower degree of agglomeration during the deposition 

process have been produced under the experimental conditions optimized in this study. 

Most of the particles are deposited on the outer surface of the support. Engineering 

aspects for better control during the deposition process would be advantageous for 

further improvement. The insignificant difference of activity (< 1%) of produced 

catalyst from different batches indicates that this method is well adaptable and 

reproducible. 

In most cases for the catalytic testing with the hydrogenation of either AMS or methyl 

chrotonate, Pd nanodendrites exhibit higher activity than Pt nanodendrites. Testing 

the produced Ru and Pt catalysts with a more challeging reaction such as 

hydrogenation of levulinic acid shows that their performances are better (approx. 20% 

higher conversion) than those prepared by other researchers, even at milder reaction 

conditions. The performance of the Ru and Pt catalysts in hydrogenation of levulinic 

acid still shows potential to be increased and deserves to be further investigated. 
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Appendix A 

Physical and Chemical Properties
 

 

 

Figure A.1 Structure of the surfactants that are used in the experiments
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Structure of the surfactants that are used in the experiments 
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Table A.1 Properties of support materials that are used in the experiments 

Name Particle size (µm) Surface area [m2/g] 

γ-Al2O3 (neutral) ~ 200 155-200 

γ-Al2O3 (base) ~ 200 155-200 

γ-Al2O3 (acid) ~ 200 155-200 

α-Al2O3 ~ 200 0.1-2.95 

SiO2 pellets 250 >30 

SiO2 Evonik Sipernat 75 700 

MCM-41 ~ 1 900 

SBA-15 25 850 

 

 

 

 

 

 



 

 

Appendix B 

Experimental Data
 

B.1 Experiment data of phase behaviour

Table B1.1 Experimental data of the phase diagram of microemulsion system  (

cyclohexan, Triton X-100 and 1

 

 

Table B1.2 Experimental data of the phase diagram of microemulsion system

cyclohexan, Span-80 and 1
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Experimental Data 

Experiment data of phase behaviour 

Experimental data of the phase diagram of microemulsion system  (

100 and 1-pentanol) for α = 0.5  

Experimental data of the phase diagram of microemulsion system

80 and 1-pentanol) for α = 0.5  

Experimental data of the phase diagram of microemulsion system  (water, 

 

Experimental data of the phase diagram of microemulsion system (water, 
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Table B1.3 Experimental data of the phase diagram of microemulsion system (water, 

cyclohexan, AOT and 1-pentanol) for

 

Table B1.4 Experimental data of the phase diagram

cyclohexan, CTAB and 1-pentanol) for 

 

Table B1.5 Experimental data of the phase diagram

cyclohexan, Triton X-100 

 

 

Experimental data of the phase diagram of microemulsion system (water, 

pentanol) for α = 0.5  

Experimental data of the phase diagram of microemulsion system  

pentanol) for α= 0.5 

Experimental data of the phase diagram of microemulsion system

100  and 1-pentanol) for γ= 0.3  
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Experimental data of the phase diagram of microemulsion system (water, 

 

of microemulsion system  (water, 

 

on system (water, 
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Table B1.5 Experimental data of the phase diagram of microemulsion system

cyclohexan, Triton X-100  and

 

 

Table B1.5 Experimental data of the phase diagram of microemulsion system (water, 

cyclohexan, Triton X-100  and 1
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Experimental data of the phase diagram of microemulsion system

100  and 1-pentanol) for γ= 0.5  

Experimental data of the phase diagram of microemulsion system (water, 

100  and 1-pentanol) for α= 0.92  
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Experimental data of the phase diagram of microemulsion system (water, 

 

Experimental data of the phase diagram of microemulsion system (water, 
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B2.  Analysis Results 

Figure B2.1 XRD diffractions of Pt nanodendrites deposited on the alumina supports

Figure B2.1 Infrared t

 

 

 

XRD diffractions of Pt nanodendrites deposited on the alumina supports

 

Infrared transmission of support Al2O3 and Pt/ Al
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XRD diffractions of Pt nanodendrites deposited on the alumina supports 

 

and Pt/ Al2O3  
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Figure B.2.2 EDX of corresponds supported metal catalysts shown with the TEM images 

in the insets indicates that the metals are attached on the support. 
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Figure B.2.3. Absorbance of the Ag nanoparticles that are measured with UV-vis 
scpectrometer versus wave length of the microemulsions sfter growing and during 
deposition on: a) Evonik-sipernat   b) Acid-Al2O3  c) Base- Al2O3  d) Neutral- Al2O3. 
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Figure B.2.4 Absorbance pattern for various growing time of the silver nanoparticles 
against the wave length for 3 mg of Ag ion.  
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Appendix C 

Calculations 
 

 

 

 

C.1 Calculation of the deposition yield and loading of the catalyst 

A sample of catalyst is taken as an example. The amount of the Palladium in the water 

phase of the prepared microemulsions is 1.5 mg. The amount of Pd nanoparticles that 

are deposited on the Al2O3 support (1000 mg) measured with ICP is 0.21 mg.  

 

����������	��� ! = 	 #$!,�%���&�
#$!,#�'&��#% ���� × )**% = *. -)	#.

). /	#. × )**%		 = )0	%			 
 

%	loading = 	m9:,;<=>?@;ABC<?DmCAEE?>F × 100% = 0.21	mg
1000	mg × 100%			 = 0.21%														 

 

 

C.2 Calculation of the catalytic activity  

The catalytic activity calculation for the above catalysts is following. Figure C.1 shows 

the volume intake of H2 curve vs the time as recorded during the hydrogenation.  

The calculation of catalytic activity is based on the ideal gas law: 

P ∙ V = n ∙ R ∙ T 

P ∙ dV
dt = 	 dn

dt ∙ R ∙ T 
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r? =	dr�dt "
P

R ∙ T	Q
dV�
dt QFR

FR

 

The activity of the catalyst, which is calculated with the equation:

Activity " 	 r�m9F
																	

 

 

Figure C.2 Hydrogen volume intake 
Crotonate (4 g) using methanol as solvent (V = 100 ml) and 0.
catalyst (m = 640 mg) at 20°C and 1.11 bar

 

The data shown in the Table C1 are used to determine the initial hydrogen volume 

intake against time (dV

considered in the calculation.

dV�
dt " 	 W

VFRX Y VFR
5 Y 1 [ " 9
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Q
R�	;<D

RX	;<D
														]"^		µmols 																																				 

The activity of the catalyst, which is calculated with the equation: 

																									 ]"^	µmols ∙ g 																																										

Hydrogen volume intake versus time in hydrogenation of Methyl 
using methanol as solvent (V = 100 ml) and 0.02

0 mg) at 20°C and 1.11 bar. 

data shown in the Table C1 are used to determine the initial hydrogen volume 

intake against time (dV0/dt). In this case only the time range from 1 to 5 min is 

considered in the calculation. 

9.2	 mlmin " 1.5 ∙ 10�`m
a
s  

147            

							 

 

hydrogenation of Methyl 
02 % Pd/Al2O3 as 

data shown in the Table C1 are used to determine the initial hydrogen volume 

/dt). In this case only the time range from 1 to 5 min is 
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r� =
dn�

dt
=

P

R ∙ T
∙
dV�

dt
= 	

1.11	 ∙ 10XN/m�

8.314
J

mol ∙ K
∙ 293	K

	 ∙ 1.5 ∙ 	10�`
ma

s
= 	6.9 ∙ 10�j	mol/s					 

 

Table C.2 The recorded volume intake of hydrogen for the first five minutes according 
to Figure C.2 

t dVdt  V p 

min  mln/min  mln  bar  

0.08 0.21875 0.04 1.10125 

0.33 0.1203125 0.04 1.1015625 

0.58 0.0796875 0.04 1.0975 

0.83 8.4484375 2.92 1.1003125 

1.08 12.4984375 5.16 1.099375 

1.33 12.5421875 7.57 1.099375 

1.58 12.6984375 9.98 1.0996875 

1.83 11.81875 12.34 1.099375 

2.08 12.5328125 14.73 1.0996875 

2.33 11.8515625 17.06 1.1003125 

2.58 10.915625 19.43 1.099375 

2.83 13.33125 21.81 1.0996875 

3.08 10.8859375 24.05 1.0990625 

3.33 10.66875 26.43 1.1 

3.58 12.5078125 28.73 1.0996875 

3.83 11.6078125 30.96 1.1003125 

4.08 11.2375 33.19 1.099375 

4.33 11.8609375 35.46 1.1003125 

4.58 10.7046875 37.67 1.1003125 

4.83 12.18125 39.85 1.1003125 

5.08 11.309375 42.06 1.0996875 
 

 

The catalytic activity of the catalyst: 

A =
r�

m9:

	=
6.9 ∙ 10�j	mol/s		

0.09	mg
=
6.9 ∙ 	µmol/s

0.09 ∙ 10�ag
= 77275	

µmol

s ∙ g9:
 

The value is rounded up to 77000  
l;?B

C∙mno
 



Appendix - C 

C3. Calculation of Pt dispersion  

 
The dispersion of Pt on Al

section of the TEM picture was selected and within this sectio

marked. Figure C.3 demonstrates the 

particle positions. Only those

outlined in Figure C.3) are used in the analysis.

 

Figure C.3.1 Demonstration

The area of marked Pt particles (

section (Asection) to obtain A

nanoparticle was selected

obtain a triangle. This procedure was repeated until all Pt nanoparticles were 

connected by triangles and the Delaunay network was obtained. 

The Area Disorder of the Delaunay network (AD

with values between 0 and 1 is defined as:
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. Calculation of Pt dispersion    

The dispersion of Pt on Al2O3 was calculated according to D. J. Bray et al.

section of the TEM picture was selected and within this section the Pt parti

demonstrates the construction of the Delaunay network over the 

particle positions. Only those Delaunay triangles (all triangles of which have been 

) are used in the analysis. 

 

Demonstration of the construction of Delaunay network

 

The area of marked Pt particles (∑ai) was calculated and divided by the area of the 

) to obtain Af, the area fraction covered by the nanoparticles. Then, a Pt 

nanoparticle was selected and connected to the next two Pt nanoparticles near

obtain a triangle. This procedure was repeated until all Pt nanoparticles were 

connected by triangles and the Delaunay network was obtained.   

The Area Disorder of the Delaunay network (ADDel) that is a dimensionless quantity 

with values between 0 and 1 is defined as: 

pqrst = 1 Y �1 � uv/Ωx��	 
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was calculated according to D. J. Bray et al.1 A triangle 

n the Pt particles were 

network over the 

Delaunay triangles (all triangles of which have been 

 

the construction of Delaunay network 

) was calculated and divided by the area of the 

, the area fraction covered by the nanoparticles. Then, a Pt 

and connected to the next two Pt nanoparticles near-by to 

obtain a triangle. This procedure was repeated until all Pt nanoparticles were 

is a dimensionless quantity 
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Where Ωx  is uv are the mean and standard deviation of the Delaunay triangles’ area, 

respectively.  Finally, Af

the classification diagram 

 

Figure C.3.2 Classification diagram of dispersion for given value of A
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are the mean and standard deviation of the Delaunay triangles’ area, 

f and ADDel were used to obtain the quality of dispersion from 

the classification diagram as shown Figure C.3.2. 

Classification diagram of dispersion for given value of A
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are the mean and standard deviation of the Delaunay triangles’ area, 

were used to obtain the quality of dispersion from 

 

Classification diagram of dispersion for given value of Af and ADDel 1 
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