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I.1. Nanostructured materials 

Nanostructured materials possess at least one dimension in the nanometer scale (10-9 m). A 

comparative overview of size scale for representative objects is depicted in Figure 1.  

 

 
Figure 1 : General overview of size scale (Courtesy by Dr. Jordi Esquena). 

 

The high interest in nanomaterials observed in recent years is the quantum size effects leading 

to interesting changes in various properties. Few examples are listed below: 

o Optical: Gold nanoparticles are red to black in solution depending on particle size  

o UV-blocking: Zinc oxide nanoparticles have been found to possess superior UV 

blocking properties compared to its bulk counterpart.  

o Magnetic: Superparamagnetic behaviour for nanoparticles whereas their bulks 

possess ferromagnetic or ferrimagnetic behaviour. 

 
The general strategies for the preparation of nanomaterials can be classified as Top-down and 

Bottom-up (Figure 2). A typical top-down approach consists of using mechanical attrition in 

order to reduce the bulk size to nanosize. Various techniques are employed such as high 

energy ball-milling (Velasco et al. 2012), electron beam lithography (Corbierre 2005), and 

reactive ion etching (Viallet et al. 2008) and so on. On the contrary, the bottom-up strategies 

are based on the physico-chemical principles of molecular or atomic self-organization. From 

atoms or molecules, clusters are formed promoting nanoparticle formation.  

106 m
103 m

100 m

10-3 m

10-6 m = 1 �m
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Figure 2 : Methods of nanoparticle preparation: Top-down and Bottom-up strategies 

By the bottom-up strategy, two techniques are used: gas phase and liquid phase techniques. 

Gas phase techniques include laser evaporation (Hahn 2008), sputtering (Zimmermann 2008), 

ionized beam deposition (Wagner et al. 2006), plasma spray (Karthikeyan 1997) and so on. 

Concerning, the liquid phase techniques, sol-gel (Rahman 2012), hydrothermal (Daou 2006), 

co-precipitation (Davarpanah et al. 2008), solvothermal and microemulsions method 

(Boutonnet et al. 1982, López-Quintela 2003, Stubenrauch et al. 2008, Aubery et al. 2011) 

can be listed among others. In the present work, the method of choice for the preparation of 

inorganic nanoparticles was based on microemulsions as reaction media. 
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I.2. Microemulsions 

I.2.1. Definition and general properties 

One of the definitions of microemulsions in which there is general agreement states that “a 

microemulsion is a system of water, oil and an amphiphile which is a single optically 

isotropic and thermodynamically stable liquid solution” (Lindman 1984). Hoar and Schulman 

reported in 1943 for the first time the formation of a spontaneous emulsion of water and oil by 

addition of a co-surfactant (Hoar and Schulman 1943) and the term “microemulsion” was 

introduced for such systems by Schulman et al. (Schulman 1959). Many debates have been 

generated about the nature and the term “microemulsion” for describing such systems. 

Emulsions are kinetically stable whereas microemulsions are thermodynamically stable. That 

is why, many scientists preferred to use other terms such as “swollen micelles” (Friberg 1969) 

or “micellar emulsion” (Adamson 1969). However, the term microemulsion is well 

established in spite of being misleading as the size of microemulsions is not in the micrometer 

range and they are not emulsions. In 1970s microemulsions were the focus of research interest 

especially for enhanced oil recovery (Shah 1981). Nowadays, microemulsions are used for 

many applications such as in detergency (Barni 1991), cosmetics and pharmaceutics (Azeem 

2008, Bagwe 2001), and preparation of submicron particles (Boutonnet et al. 1982). In the 

last 20 years microemulsion properties such as structure, dynamics and interfacial film 

rigidity have been an important motivation for many colloidal scientists. 

Once the conditions are adequate, microemulsion forms spontaneously due to its 

thermodynamic stability. The formation depends on the surfactant type and structure, as well 

as the oil/surfactant combination. Three types of microemulsion structures exist. Nanometer-

size oil droplets stabilized by a monolayer of surfactant dispersed in water are called oil-in-

water (O/W) microemulsions; the reverse system called water-in-oil (W/O) microemulsion 

which consists of nanometric size water droplets stabilized by a surfactant monolayer and 

dispersed in a continuous oil-phase, and finally the bicontinuous microemulsions, in which 

both oil and water form continuous domains as inter-connected sponge-like channels. The 

type of microemulsion which is formed depends on the oil/water ratio as well as on the 

hydrophilic-lipophilic balance of the surfactant. 
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Microemulsions are usually transparent but they can also be translucid if the concentration of 

internal phase is high and/or the refraction indexes of the two phases (water and oil) are very 

different. General properties are collected in Table 1. 

Table 1 : General properties of microemulsions and structure : Oil-in-Water :O/W, Water-in-Oil : W/O 

and bicontinuous microemulsions. 

Properties of microemulsions 

Visual aspect 

Typical characteristic size 2-50 nm 
Stability Thermodynamic 
Viscosity low 
Formation Spontaneous 
Surfactant concentration High  

Structure 

 
     O/W                         W/O                    Bicontinuous 

 
The typical characteristic size of microemulsions is between 2 to 50 nm and their formation is 

spontaneous because they are thermodynamically stable. 
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o Microemulsion formation 

Microemulsion formation is a question of free energy in the system. Indeed, creation of small 

droplets of the dispersed phase in a continuous phase promotes a change in the entropy of the 

system:  

�� � ����	� 
��� � �� � �
� � ��� � ��� Equation 1 

 

where n is the number of droplets of the dispersed phase, kB is the Boltzmann constant and � 

is the volume fraction of the dispersed phase. 

The free energy which is associated with microemulsion formation is expressed as:  

�� � ��� � ��� � ��� Equation 2 

 

where �� is the difference in interfacial area when a new area of interface is created, ���is the 

interfacial tension between phase 1 and 2 (water and oil) at temperature T in Kelvin. 

An increase in the number of droplets of the dispersed phase occurs when a microemulsion is 

formed. Hence, the entropy of the system increases leading to a positive���. As a 

consequence, the incorporation of a surfactant which is able to reduce the interfacial tension 

(10-2 mN/m) of the system promotes the term �� � ��� to be small and positive leading to a 

negative free energy difference. Therefore, spontaneous formation of microemulsion occurs 

due to the favourable energy.  

 

Generally in a system containing oil/water/surfactant the interfacial tension between water 

and oil ��� in an emulsion is higher than 1 mN/m whereas in microemulsions, ultra-low 

interfacial tensions from 10-2 to 10-4 mN/m are required. Formation of microemulsion requires 

surfactant with hydrophilic-lipophilic properties balanced. This is achieved by the use of 

either ionic surfactants containing double hydrocarbon chains or of surfactant and co-

surfactant mixtures.  

o Spontaneous curvature 

The surfactant film can be characterized by three important parameters: interfacial tension, 

bending rigidity and spontaneous curvature (Figure 3). It is important to understand how 

these parameters relate to interfacial stability since the surfactant films determine the dynamic 
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properties of microemulsions. Previously, it was described that the interfacial tension had to 

be ultra-low in order to obtain a negative free energy of the system, favoring microemulsion 

formation. In addition, the spontaneous curvature called C0 is the curvature adopted by the 

surfactant film when a system contains equal quantity of oil and water. Hence, the film will 

adopt the curvature that requires the lowest free energy. However, if one phase is dominant, 

then a deviation of Co will occur. 

 

 
Figure 3 : Principal curvatures of different surfaces. (a) Intersection of the surfactant film surface with 

planes containing the normal vector (n) to the surface at the point p. (b) convex curvature, (c) cylindrical 

curvature, (d) saddle-shaped curvature. (Hyde 1997). 

 

o Film bending rigidity 

The concept of film bending energy was first introduced by Helfrich (Helfrich 1973) and it is 

now used as a very useful model for understanding microemulsion properties. It can be 

described by two elastic moduli (Kellay 1994) that measures the energy required to deform 

the interfacial film from a preferred mean curvature. The first elastic moduli is the mean 

bending elasticity (or rigidity) associated with the mean curvature, that represents the energy 

a) 

b) c) d)
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required to bend an unit area of surface by an unit amount. If the mean bending elasticity is 

positive, spontaneous curvature is favored. The second one is a factor that is associated with 

the Gaussian curvature it accounts for the film topology. It is negative for spherical structures 

and positive for bicontinuous cubic phases. 

It is expected that the bending moduli may depend on surfactant chain length (Safran 1996), 

area per surfactant molecule in the film (Szleifer 1990) and electrostatic head group 

interactions (Winterhalter 1992). The bending rigidity modulus is expected to increase in 

proportion to the cube of the monolayer thickness (Safhinya 1989). The interfacial free energy 

associated with film curvature is employed in the film rigidity theory. The free energy of a 

surfactant layer at a liquid interface may be given by the sum of an interfacial energy term, a 

bending energy term and an entropic term. 

 

o Microemulsion type prediction 

- Classification of microemulsion phase equilibria 

Winsor predicted in 1948 the phase equilibria in water / surfactant / oil systems (Winsor 

1948). This phase equilibria was confirmed for ionic surfactants and latter by Shinoda for 

nonionic surfactants (Saito and Shinoda 1970). Classification of microemulsion phase 

equilibria is based on Winsor classification as follows: 

- Winsor type I: The surfactant is preferentially soluble in water. O/W 

microemulsion coexists in thermodynamic equilibrium with an excess of oil phase 

containing surfactant as monomers at negligible concentration.  

 

- Winsor type II: The surfactant is preferentially dissolved in the oil phase, W/O 

microemulsion coexists in thermodynamic equilibrium with an excess of water 

phase containing small amount of surfactant.  

- Winsor type III: The surfactant is no longer soluble in water or oil. A three-phase 

system where a surfactant-rich, middle-phase (bicontinuous) microemulsion 

coexists in thermodynamic equilibrium with both excess of water and oil phases. 

 

- Winsor IV: an isotropic single-phase microemulsion is formed. 

 



I.INTRODUCTION ________________________________________________________  

10 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

Depending on the surfactant nature and the conditions (composition, temperature, addition of 

solutes), the types I, II, III or IV will be selectively formed. Indeed, the formation of Winsor 

systems depends on the molecular arrangement at the oil-water interface. However, various 

parameters affect this molecular arrangement such as the incorporation of electrolytes in the 

presence of ionic surfactants or temperature change with nonionic surfactants, promoting 

phase transitions as shown in Figure 4. 

 

 
 

Figure 4 : Schematic representation of the Winsor classification and phase sequence as a function of 

temperature and salinity for nonionic and ionic surfactants, respectively.  

- R-ratio 

“R-ratio” was introduced by Winsor (Winsor 1948) which takes into account the influence of 

surfactants and solvents on interfacial curvature. It is related to the energies of interaction 

between the surfactant layer, the oil and water domains. Thus, this R-ratio establishes the 

affinity for a surfactant towards the oil or water phase. Various interactions exist between the 

surfactant, oil and water on the interfacial film. As displayed in Figure 5, the hydrocarbon 

chains of the oil phase can interact with themselves and with the hydrocarbon chains of the 

surfactant adsorbed at the oil-water interface. In addition, the water molecules will be able to 

interact with themselves and with the polar head group of the surfactant. The thickness of the 

interface and the interfacial film stability will depend on all these interactions represented by 

A in Figure 5. Indeed, cohesive interaction between molecules x and y is represented as Axy 

where two contributions have to be taken into account: ALxy (cohesive interaction between the 



 _______________________________________________ I.INTRODUCTION 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 11 
 

lipophile parts, typically London dispersion forces) and AHxy (cohesive interaction between 

the hydrophilic parts such as hydrogen bondings, coulombic interactions).  

R is represented as the ratio of the energy of interactions between the surfactant and oil 

molecules by the energy of interactions between the surfactant and water molecules Equation 

3 

R= �� ��! Equation 3 

with Eco, energy of interaction between surfactant and oil molecules and Ecw, energy of 

interaction between surfactant and water molecules. 

o R>1 : surfactant has more affinity with oil phase 

o R<1: surfactant has more affinity with water phase 

o R=1: surfactant has the same affinity for oil and water phases and it will prefer 

to stay at the oil-water interface.  
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Figure 5 : Interaction energies in the interfacial region of an oil-surfactant-water system 

The R-ratio relates to the energies of interaction between the C layer (surfactant layer) and the 

O and W regions as shown in Figure 5. This formulation does not refer to entropic effects and 

does not provide a thermodynamic description of micellar solutions. 

 

The R-ratio was optimized based on the bonds that are formed and bonds that have to be 

broken: 

" � #$% � �
&#%% �

�
&#$$

#$' � �
&#'' �

�
&#$$

 Equation 4 

 

Any physical parameter such as temperature or chemical parameters (nature of surfactant, oil 

and aqueous phase) may increase the affinity of surfactant for the oil phase or decrease its 

affinity with water, hence R may increase. In addition, the cohesion between 

surfactant/surfactant and oil/oil also contributes. 
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An equilibrated surfactant with short chains will solvate less the oil and water molecules than 

a surfactant with a long chains. This R-ratio notion is complicated to use in practice since no 

experimental method allows to calculate the energy of interaction. 

Winsor systems can be related to the R-ratio value. Low R-ratio value leads to the formation 

of O/W microemulsion related to Winsor I. At R=1, bicontinuous microemulsion forms 

corresponding to the Winsor III. Finally, at high R-ratio value, formation of W/O 

microemulsion forms related to Winsor II. 

- Phase Inversion Temperature (PIT)  

Shinoda (Shinoda 1969) introduced the concept of HLB temperature or the phase inversion 

temperature (PIT). The ethoxylated nonionic surfactant changes their solubility with 

temperature. At low temperature, nonionic surfactants are more soluble in water than in oil 

due to the hydration of its polar head group by water molecules whereas at high temperature, 

it is more soluble in oil as result of the dehydration of their polar head group. At the PIT the 

surfactant film curvature is balanced (e.g. it has a value of zero), therefore, curvature is 

changing from positive to negative as temperature increases. By convention, positive film 

curvature corresponds to convex towards oil. As a consequence, it can be written: 

� If T < PIT, oil-in-water (o/w) microemulsion  

� If T > PIT, water-in-oil (w/o) microemulsion  

� If T = PIT, bicontinuous microemulsion exists (Winsor III) with a spontaneous 

curvature equal to zero 

 

- Packing parameter and microemulsion structures  

The surfactant film curvature and microemulsion type can be quantitatively assessed by 

geometric packing of the surfactant at the oil-water interface. This concept was introduced by 

Israelachvili et al. (Israelachvili 1976) by the packing parameter, expressed as: 

( � � )
*+ � ,$ Equation 5 

 

where v is the volume occupied by the hydrophobic chain of the surfactant, lc length of 

hydrophobic chain and a0 the effective polar head of surfactant. 
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Figure 6: Effect of molecular geometry and system conditions on the packing parameter (p= v/a0l) values 

and R-ratio value. 

The preferred curvature is governed by relative areas of the head group, a
o
, and the tail group, 

v/lc (Figure 6). Depending on the value of packing parameter, the microemulsion structure is 

detected:  

� If p < 1 � a
o 
> v/l

c
, O/W microemulsion is the preferred structure 

� If p > 1 � a
o 
< v/l

c
 W/O microemulsion is the preferred structure 

� If p � 1 � a
o 
� v/l

c
, bicontinuous microemulsion is the preferred structure  

The packing parameter can be also related to the R-ratio value described previously (Figure 

6).  

I.2.2. Phase behavior of Water/ surfactant / Oil 

The Winsor phase equilibria as described previously can be represented in a ternary phase 

diagram. At constant temperature and pressure, the ternary phase diagram of a simple three-

component microemulsion is divided into two or four regions as displayed in Figure 7. 
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Figure 7 : Ternary phase diagram representations of Winsor type for system with nonionic surfactants at 

different temperature. 

The region containing two phases (2�) is a microemulsion system and an excess phase in 

equilibrium which can be water or oil. Winsor I promotes the formation of O/W 

microemulsion in equilibrium with excess oil phase whereas Winsor II gives rise to the 

formation of W/O microemulsion in equilibrium with an excess aqueous phase. Depending on 

the surfactant nature, Winsor type transitions can occur. The transition Winsor I � III � II is 

achieved by increasing temperature in systems with nonionic surfactants. In constrast, the 

increase of salinity in the system promotes the same Winsor type transition by presence of 

ionic surfactants. It should be noted that the use of ionic surfactants with one lipophilic tail in 

the system requires the addition of co-surfactant in order to balance the hydrophilic-lipophilic 

properties of the ionic surfactants whereas the ionic surfactants with two lipophilic tails do not 

require co-surfactant. 

I.2.3. Dynamic properties of microemulsions 

In microemulsion systems, the oil and water nano-domains are not static that is they are 

continuously in movement leading to collisions with each other. For a comprehensive 

understanding of microemulsion systems various interactions such as interactions between 

droplet components and droplet-droplet interactions have to be taken into account (Fletcher 

1987, Fletcher 1992, 88, Moulik 1998). 

Increase of Temperature 
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I.2.3.1. Interactions between droplet components 

The scheme of Figure 8a shows an aqueous droplet stabilized by a combination of surfactant 

and co-surfactant dispersed in a continuous oil phase (W/O microemulsion system). Various 

interactions can be found out. Indeed, the core of the droplet is composed of free water 

surrounded by layers of bound water surrounded by a hydrated surfactant and co-surfactant 

layer. Due to this configuration, exchanges of water between free and bounded state, of co-

surfactant at the interfacial film and the aqueous and the dispersed phase may occur. In 

addition, exchange of surfactant molecules between the interfacial film and the aqueous phase 

can also take place (Rakshit 2008). Note that ionic species are solubilised in the aqueous 

phase, so there can be exchange of ions between the bounded and free water. The main 

parameters which may affect these exchanges of species are: the composition of the aqueous 

droplets, the concentration of solutes, and temperature.  

In the case of O/W microemulsion (Figure 8b and 9), the hydrophilic head groups of the 

surfactant molecules extend into the surrounding aqueous phase. Oil molecules may be 

incorporated into the hydrophobic interior of a droplet as a separate core or between the 

surfactant tails. It is important to note that according to the affinity of hydrocarbon tail of the 

surfactant and oil phase two different configurations can be produced as shown in Figure 9. 

 

 
 

Figure 8 : Schematic representation of w/o and o/w microemulsion droplets (Rakshit 2008) 
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Figure 9 : Oil-in-water microemulsions consist of surfactant micelles with oil molecules incorporated 

within them. The oil molecules may be incorporated between the surfactant tails and/or within the core of 

the micelle (Mc Clements 2012). 

I.2.3.2. Interdroplet interaction and micellar exchange 

Interdroplet interactions are intimately linked to droplet concentration, viscosity of the 

continuous phase, temperature, and flexibility of the interfacial film (López-Quintela 2003). 

Due to continuous Brownian motion, collisions between droplets are frequent. When these 

collisions are sufficiently strong, the surfactant layer breaks up, leading to the formation of 

transient dimmers; thus, micellar exchange of the internal components of the droplets can be 

produced (Figure 10). This dynamicity facilitates their use as confined reaction media 

(Boutonnet et al. 1982). It has been shown that droplet content exchange processes can occur 

in the order of millisecond to microsecond time scale (Fletcher 1987, Clark 1987). 

Oil molecules incorporated 
surfactant tails 

Oil molecules incorporated 
as a hydrophobic core 
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Figure 10 : droplet coalescence mechanism. (Stephen Clark et al. 1990) 

Film rigidity is an important property affecting droplet coalescence. The film rigidity has been 

observed to increase with the surfactant hydrocarbon chain, whereas it substantially decreases 

with co-surfactant addition. The surfactant packing capacity can be also affected by the ionic 

strength of the droplets. The increase of surfactant molecules in the interfacial film is 

proportional to the rigidity of the micelle film. 

Percolation processes may occur in both o/w and w/o microemulsions (Borcovek 1988). For 

example, for W/O microemulsions, percolation consists of the transition between discrete 

water droplets and clusterization of droplets, up to infinite cluster of water droplets appears 

(percolation threshold). In the case of O/W microemulsions, percolation may be also applied 

for the transition between discrete and clusterized oil droplets up to infinite oil droplet cluster 

appears, thereby promoting a change in microemulsion structure and dynamics.  
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I.2.3.3. Surfactant partition between oil phase and water phase 

The partition (or distribution) coefficient (Kp) of surfactant is defined as the ratio between the 

concentration of the surfactant in the oil phase and in the water phase at equilibrium. This 

parameter allows to understand the water/surfactant/oil systems under both equilibrium and 

non-equilibrium conditions. Dynamic transport phenomena taking place at the microscopic 

oil-water (o-w) interface is related to Kp values corresponding to the ratio fo the equilibrium 

concentrations in the macroscopic phases (oil and water). Surfactants depending on their 

physic-chemical properties possess different solubility in both phases (oil and water) leading 

to their adsorption to the interface and their transfer across the interface (Catanoiu et al. 

2011).In addition, it was found that the adsorption rate depends strongly on the coefficient 

partition of the surfactant between both phases, the diffusion coefficient in the phases, the 

volume ratio of the two solvents and thermodynamic interfacial parameters such as chemical 

potential and Gibbs free energy (Ravera et al. 1997, Ferrari et al. 1998). 

I.2.4. Applications of microemulsions 

Numerous applications have been found for microemulsions in different fields. In this section, 

some specific applications of microemulsions of high interest are described. 

 

Liquid membrane. Microemulsions can be used as liquid membranes where both o/w and 

w/o microemulsions can be considered as dispersed liquid membranes, favouring the transfer 

of solutes for a convenient uptake and release (Moulik 2006). Various separation processes 

using microemulsions have been extensively studied by Tondre et al. (Tondre et al. 1984, 

Ismael et al. 1992). For instance, microemulsions were efficient for removing acetic acid from 

water (Wiencek 1992), to extract heavy metals (such as Hg), and for the incorporation of oleic 

acid (Larson 1994). Moreover, microemulsions are used in chromatography and this 

technique is called “microemulsion electrokinetic chromatography”. The study was based on 

AOT/isooctane/aqueous phosphate buffer (0.1M) microemulsions in which selective transport 

of aminoacids (such as tryptophane and p-iodophenylalanine possessing different 

hydrophobicity) could be obtained. Selectivity seemed to depend upon AOT concentration in 

the microemulsion (Hebrant 1998). 

Biotechnology. Selective protein extraction from fermented liquids could be carried out by 

using microemulsions. The normal activities of proteins and enzymes were found to be 
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retained (Marcozzi et al. 1991, Kawakami et al. 1996). In addition, it has been demonstrated 

that chiral epoxides can be produced by using mycobacterium in w/o microemulsions which 

was difficult to obtain by the traditional biotransformation process due to poor water 

solubility of the products. Hence, microemulsions overcome this issue (Pichanont 2000). 

Moreover, another system based on organogels has been developed using AOT 

microemulsion containing gelatine, which promoted a better lipase immobilization than the 

traditional silica gel (Soni 2001). 

 

Enhanced petroleum recovery. Microemulsions have been used in the so-called tertiary oil 

recovery promoting the recovery of about 20% of the difficult-to-recover underground oil. 

Hence, microemulsion possessing ultralow interfacial tension in contact with oil and aqueous 

phase leads to a considerable enhancement of petroleum recovery (Abe et al. 1986, Schramm 

1995). This process is called Surfactant-Polymer flooding. 

 

Lubricant and corrosion inhibitors. Microemulsions are used as efficient lubricants, cutting 

oils and corrosion inhibitors. Due to the presence of surfactant in these systems, they promote 

corrosion inhibition. In addition, the use of high water content leads to a higher heat capacity 

which supplies advantages in their uses as cutting oils. Corrosive agents become solubilized 

in microemulsions; thus surfactant adsorbed on the metal surface induces corrosion reduction 

(Paul et al. 2001).  

 

Detergency. The advantages of using microemulsions in detergency is that they contain both 

polar (water) and nonpolar (“oil”) solvents promoting a solubilisation of both polar (such as 

pigment, proteins, salts) and non-polar (grease, oil and so on) contaminants. Studies of 

microemulsion efficiency in soil removal from textile fabrics (Solans 1985), in raw wool 

scouring (Erra et al. 1992) and in skin degreasing processes (Azemar et al. 1991) have been 

reported. 

 

Dye textile and paint formulations. Microemulsions are also used in industrial coating and 

dye textile. Indeed, dyeing of nylon 6,6 with an azodye using a microemulsion system 

promotes better homogeneity in dying than conventional systems (Diaz Garcia 1986, Barni 

1991). In addition, paint formulations using microemulsions have shown higher scrub 

resistance, better colour intensity and more stain resistance than those prepared as emulsions 

(Barni 1991). 
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Cosmetics and pharmaceutics science. Microemulsions are used as carrier systems for 

cosmetic active ingredients due to their various advantages over the conventional 

formulations such as high solubilization of both polar and non-polar compounds with 

relatively high encapsulation. Due to their special properties, interest is growing not only in 

cosmetic science but also in pharmaceutics for drug delivery (Azeem 2008, Bagwe 2001). 

These novel formulations exhibit very good cosmetic characteristics and high hydration 

properties with fast cutaneous skin adsorption which may enhance their use in topical 

products (Abdelrahim 2011).  

Agrochemistry. Most agrochemicals are not soluble in water, and they are generally 

dissolved in solvents with unpleasant smell (Moulik 2006). Microemulsions overcome these 

negative aspects. Hence, agrochemicals can be dissolved in oil droplets of the o/w 

microemulsions containing water as continuous phase. Thus, from the ecological point of 

view, the use of microemulsions remains advantageous. In addition, the negative aspect of 

using solvents with bad smell is also solved (Moulik 2006). 

Reaction media for nanoparticle synthesis. Microemulsion systems can be used as reaction 

media for the preparation of nanomaterials with a high control of nanoparticle size, as well as 

a narrow size distribution (Boutonnet et al. 1982); in addition, nanoparticles with good 

crystallinity can be obtained without the need for calcination (Kosak et al. 2004, Aubery et al. 

2011). Furthermore, the obtained nanomaterials often display specific characteristics 

interesting for potential applications such as heterogeneous catalysis (Agrell et al. 2001). In 

the present thesis, microemulsions are used as reaction media for the preparation of inorganic 

nanoparticles, and some potential applications are explored. 

 

I.3. Microemulsions as reaction media for the synthesis of inorganic 

nanoparticles  

There is an increased interest in the development of novel and more efficient methods of 

nanoparticle preparation, in order to meet the needs of multidisciplinary applications in 

collaborative fields such as medicine, chemistry, biology and physics. The tecnological 

advancement in such disciplines is growing constantly, increasing the potential for possible 

application fields.  
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I.3.1. The Water-in-Oil (w/o) microemulsion reaction method 

The use of w/o microemulsions for the synthesis of inorganic nanoparticles was first reported 

in 1982 by Boutonnet et al. (Boutonnet et al. 1982). The droplets of w/o microemulsions are 

conceived as tiny compartments or “nanoreactors”. The main strategy for the synthesis of 

nanoparticles in w/o microemulsions consists in mixing two microemulsions, one containing 

the metallic precursor and another one the precipitating agent. Upon mixing, both reactants 

will contact each other due to droplet collisions and coalescence, and will react to form 

precipitates of nanometric size (Figure 11), which may remain confined to the interior of 

microemulsion droplets or they may remain stabilized by surfactant molecules in the 

continuous oil phase. The literature on this topic has grown steadily and there are excellent 

reviews about different aspects such as reactivity, mechanisms, control of particle size and 

shape, etc. (Pileni et al. 1997 and 2003, Destrée 2006, Eastoe 2006, Holmberg 2004, López-

Quintela 2003, Boutonnet et al. 2008). Examples of the great variety of nanomaterials that 

have been synthesized by this method include: metallic and bimetallic nanoparticles, single 

metal oxide as well as mixed metal oxides, quantum dots, core-shell structures, and even 

complex ceramic materials such as spinels and perovskites. 

 

It has been reported that materials synthesized in w/o microemulsions exhibit unique surface 

properties; for example, nano-catalysts prepared by this method show better performance 

(activity, selectivity) than those prepared by other methods (Boutonnet et al. 2008). The 

method offers a series of advantages with respect to others (co-precipitation in solution (Qiao 

2011), sol-gel (Qiao 2011), flame spray pyrolysis (Krius 1998), laser evaporation, high energy 

milling, etc); namely, the use of uncomplicated equipment, homogeneous mixing, the 

possibility to prepare a great variety of materials with a high degree of particle size and 

composition control, the formation of nanoparticles with often crystalline structure and high 

specific surface area, and the use of soft conditions of synthesis, near ambient temperature 

and pressure. But in spite of the superior properties and performance of nanoparticles 

obtained in w/o microemulsions, this method has not found good acceptance at the industrial 

level, mainly due to the employment of large amounts of oils (solvents), which represent the 

continuous phase and hence the main component of these systems (Boutonnet et al. 2008). In 

addition, most studies employ relatively low concentration of the metal precursors, leading to 

small yields of nanoparticles per microemulsion volume. These drawbacks affect negatively 

from the economic and ecologic point of view. 
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Figure 11 : Synthesis of inorganic nanoparticles in W/O microemulsions 

I.3.2. The novel Oil-in-Water (o/w) microemulsion reaction method for 

synthesis of inorganic nanoparticles 

  I.3.2.1. Description of the method 

The novel O/W microemulsion method reaction has been recently introduced for inorganic 

nanoparticle synthesis. This method consists in the use of organometallic precursors, 

dissolved in nanometer scale oil droplets of O/W microemulsions, and stabilized by a 

monolayer of hydrophilic surfactant (Figure 12). The precipitating agents, usually water-

soluble, can be added directly or as aqueous solutions, without compromising microemulsion 

stability and droplet size; alternatively, if oil-soluble precipitating agents are available, then a 

two-microemulsions approach can be used.  

The motivation for this development was to find out metallic precursors in which they are 

soluble in oil droplets of O/W microemulsions. There are previous investigations which use 

oil-in-water microemulsions for the synthesis of inorganic nanoparticles, however, the 

concept is different from that used in this work. In the research by Li et al., the precursor is an 

inorganic salt dissolved in the continuous aqueous phase (Ge et al. 2006). Another related 

research is the pioneering work by Pileni et al. (Petit 1994), and although in those works the 

systems were referred to as “oil-in-water micelles”, there was actually no oil in them; the 

systems were direct anionic micelles in which the counterion of the surfactant was the metal 

ion of the material to synthesize (usually a metal dodecyl sulfate). Therefore, in comparison 

with the methods established by Pileni et al. and Li et al., the focus used in the present thesis 
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may imply a reaction mechanism more related to the typical W/O microemulsion method, e.g. 

the kinetics and the confinement level, and therefore the nucleation and growth steps would 

have a greater chance to be controlled by the dynamic aspects of the microemulsions 

(collisions, coalescence, transient dimmers formation). Nevertheless, there are probably 

important differences with the O/W microemulsion reaction method, such as in the highly 

probable interfacial mechanisms. 

 
Figure 12 . Synthesis of inorganic nanoparticles in O/W microemulsions (one microemulsion approach). 

I.3.2.2. Choice of organometallic precursor 

Various common oxide precursors such as ß-diketonates, alkanoates and alkoxides are used in 

order to prepare metal oxide materials. Alkoxydes are the most versatile for tailoring 

properties at a molecular level. (Mishra et al. 2007). However, a common problem of the 

alkoxide approach is the lack of formation of mixed-metal species and thus homogeneity at a 

molecular level may not be achieved (Hubert-Pfalzgraf 1998 and 2003; Bradley 2001). In a 

homogeneous solution containing various components, the hydrolysis and condensation rates 

of component metal alkoxides are unequaled which may result in phase separation, leading to 

higher crystallization temperatures or presence of other crystallization phases (Mishra et al. 

2007).  

Another type of common organometallic precursors are metal 2-ethylhexanaotes, which are 

widely used as fungicides, lubricating agents, stabilizers for plastics, waterproofs agents, fuel 

additivies and so on (Aquino 2004, Grodzicki 2005). Metal 2-ethylhexanoates have been used 

in the Oil-in-Water microemulsion reaction method as precursors of inorganic nanoparticles, 

mainly because these precursors were very soluble in hydrocarbons such as hexane or 

isooctane, which can be conveniently used as the oil phase in this approach (Sánchez-

Domínguez et al. 2009). In addition, these type of precursors are available for a wide number 
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of elements, they are inexpensive, air-stable (unlike alkoxide sol-gel precursors), and 

generally non-toxic. This type of precusors is often used for the synthesis of inorganic 

nanoparticles like metallic or metal oxides by thermal decomposition at temperatures as high 

as 200-300ºC (Epifani et al. 2005, Kim 2007, Tao 2005), in polar organic solvents and 

generally under an inert atmosphere, or by pyrolysis at much higher temperatures (Mishra 

2007). Upon heating, the carboxylate ligands of 2-ethylhexanoates are dissociated from the 

central metal. Another approach to transform 2-ethylhexanoates into metallic or metal oxide 

nanoparticles is by photolytic decomposition using UV light (Mishra 2007, Andronic 2002, de 

Oliveira 2011). In the o/w microemulsion method, the reactions have been carried out at 

temperatures, usually between 20-40ºC, and by simply adding a base (ammonia, NaOH, etc) 

or a reducing agent (NaBH4) to the microemulsion containing the metal precursor. It is 

interesting to point out how the particular microemulsion environment can lead to metallic or 

metal oxide nanoparticles without the need of high temperature or UV irradiation. The 

chemistry of 2-ethylhexanoates is by itself largely unexplored (Mishra et al. 2007); thus, a 

comprehensive understanding of the reactions mechanisms that occur in o/w microemulsions 

at such mild conditions opens new research challenges and opportunities.  

For most systems used in the traditional w/o microemulsion approach, phase behavior is 

highly affected by the presence of inorganic precursors in the aqueous phase; usually, the w/o 

microemulsion zone is reduced, limiting the range of microemulsion compositions useful for 

nanoparticle synthesis. This phenomenon is attributed to “salting out” effects from the 

inorganic precursors affecting the polar groups of surfactant molecules and the water 

molecules bound to them. In contrast, o/w microemulsion phase behavior is expected to be 

somehow less affected by organometallic precursors dissolved in the oil phase. Interactions 

between organometallic precursors and surfactants would be weaker in nature, as compared to 

those between inorganic salts and surfactants, although this could depend on the degree of 

amphiphilicity of the precursor. For instance, Eastoe et al found spectroscopic evidence which 

suggests that cobalt 2-ethylhexanoate doped in water / AOT / heptane W/O microemulsions, 

resides at the droplet interface, allowing for hydration of cobalt by the water pool (de Oliveira 

2011). Such finding suggests that this type of precursor have a tendency to be interfacially 

active, and it becomes extremely necessary to carry out detailed characterization of the o/w 

microemulsion systems with incorporated 2-ethylhexanoate precursors.  
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I.4. Inorganic nanoparticles 

I.4.1. General properties of oxide and chalcogenide nanoparticles 

Oxygen can form compounds (oxides) with almost all elements except a few (the noble 

gases). It is convenient to classify oxides according to their acidity or basicity since almost all 

oxides are either acidic or basic. The oxides of group 13 in Mendeleev’s periodic table of the 

elements are reactive to both an acid and a base and are named amphoteric oxides. However, 

metal oxides have the possibility to be basic or amphoteric. Most of the basic oxides are solid 

at room temperature and insoluble in water. In addition, they can react with acids to produce 

salts and water. This reaction is called neutralisation reaction. In Figure 13, acidity versus 

basicity of oxides is represented as a function of the group elements in the Mendeleev’s table.  

 
Figure 13 : Acidity and basicity of oxides of main group elements in the Mendeleev’s periodic table 

According to their specific properties, various oxides were synthesized in the present thesis 

for various potential applications; hence, a short description of each of these oxides grouped 

by the application is given in the following section.  

Chalcogen is the name given to a member of periodic table group 16. Chalcogens are 

sometimes known as the oxygen family. The chalcogens are the elements oxygen, sulfur, 

selenium, tellurium, polonium, and ununhexium. However, the compounds of the heavier 

chalcogens such as sulfide, selenide and tellurides are called Chalcogenides. 

I.4.1.1. Nanoparticles used in catalysis 

The Water Gas Shift (WGS) reaction (description in section III.3.6.1) has received increasing 

attention because the reaction provides not only hydrogen production but also CO 

decontamination. The WGS catalyst system that received the most attention is cerium oxide 

(CeO2) mostly loaded with noble metals, especially platinum (Bunluesin et al. 1998, Hilaire et 

al. 2004, Jacobs et al. 2004). However, due to the high cost of this precious metal, more and 
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more attention has been focused on using cheap transition metals instead, including copper 

(Li et al. 2011). Ceria-supported copper catalysts exhibited high catalytic activity for the 

WGS reaction (Kusar et al. 2006, Li 2000). Hence, it was interesting to focus on the synthesis 

of this material (Cu/Ce oxide) by the novel o/w microemulsion method, since it has not been 

reported yet and it may exhibit enhancement in catalytic activity. 

Cerium oxide is also attracting interest because of its effective technological applications, 

such as in solid-state electrolytes for electrochemical devices (Mogensen 2000, Yashima 

1998), catalysts (Nikolaou 1999), sunscreens for ultraviolet absorbents (Imanaka 2003), 

oxygen storage (Kakuta 1997), hybrid solar cells (Lira-Cantu 2006), and luminescent 

materials for violet/blue fluorescence (Morshed 1997).  

Various methods are used to prepare CeO2 nanoparticles, including room temperature solution 

precipitation (Chen 2005), sonochemical synthesis (Qi 2005), hydrothermal crystallization 

(Shuk 1999), microemulsion (Sanchez-Dominguez et al. 2012), mechanochemical processing 

(Tsuzuki 2002), thermal decomposition (Wang 2002), spray pyrolysis (Navarrete 2002), sol–

gel method (Hartridge 2002), thermal hydrolysis (Hirano 2000), and solvothermal synthesis 

(Sun 2005).  

Moreover, another combination of oxides Cu/Zn oxide has been applied for the Water Gas 

Shift reaction as well as for glycerol hydrogenolysis due to its low cost. Note that the active 

specie is Cu metal and ZnO serves as structural support in this catalyst. Between copper and 

zinc oxides a synergistic effect may exist (Gines et al. 1995, Mellor 1997, Yurieva 1985). 

In addition, Alumina, which is an acidic oxide, is widely used as catalyst support in many 

heterogeneous catalytic processes owing to its high specific surface area, superior chemical 

activity and low cost (Trimm 1986). Two ways have been used to prepare thermal-stable 

alumina with high specific surface area and large pore volume. One way is the incorporation 

of some additives such as silica, phosphoric oxide, cerium oxide, barium oxide (Mizushima 

1993) and the other one is the use of wet chemical as sol-gel and supercritical drying 

techniques (Ji et al. 2000; Baumann 2005). In the present study, combination of 

Alumina/Silica, non-reducible material was prepared in order to use it as catalytic support for 

the hydrocraking of hydrocarbon reaction. 
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I.4.1.2. Semi-conductors 

ZnO amphoteric oxide has attracted a lot of attention in recent years, due to its optical, 

electrical, and chemical properties, as well as its low toxicity. This material is a n-type 

semiconductor (II-VI) with band gap of 3.37eV and exciton binding energy of 60 meV; in 

addition, it has an efficient UV stimulated emission (Karpina et al 2004) at room temperature. 

Nanostructured ZnO has a great potential in a wide range of applications such as ultra-violet 

(UV) laser (Huang et al. 1897), varistors (Hingorani 1993, Hingorani 1995), gas sensors 

(Lupan 2008, Gupta 2010; Suchea 2006), optoelectronics (Yi 2005), light-emitting diodes 

(Park, 2004),�anti-microbial agents (Padmavathy 2008) and more recently in solar cells (Law 

2005, Son 2009, Levy-Clement 2005, Wei et al. 2010). 

Many techniques have been used to prepare ZnO nanomaterials: sol-gel (Khrenov 2005, 

Toutorski 2003), chemical co-precipitation (Wang 1999, Rodriguez-Paez 2001), chemical 

vapor deposition (Purica 2002), physical vapor deposition (Pan 2001) metal-organic chemical 

vapor deposition (MOCVD) (Yuan 2004, Park 2002), spray pyrolysis (Kang 1999) 

hydrothermal synthesis (Wang 2004) and microemulsion precipitation (Hingorani 1993, 

Hingorani 1995, Singhai 1997, Lim 1998), as well as some top-down approaches such as 

etching (Wu 2004). 

Most of those techniques usually require high temperature and promote the formation of 

impurities into ZnO nanostructures. Therefore, it will more difficult to integrate these 

synthesized nanostructures within flexible organic substrates for future foldable and portable 

electronics (Xu 2011). For example, MOCVD can produce high quality ZnO nanowire arrays, 

but these are usually limited by the poor sample uniformity, low product yield, and limited 

substrate choice. Also, the experimental cost is usually very high. Top down approaches have 

less control and repeatability compared with other techniques. Wet chemical methods are 

more attractive for several reasons: they have lower cost, less hazardous, and thus capable of 

easy scaling up (Zhang 2006, Chang 2008); growth occurs at a relatively low temperature, 

compatible with flexible organic substrates. Moreover, there are a variety of parameters that 

can tun to effectively control the morphologies and properties of the final products (Govender 

et al. 2004; Xu 2009). Wet chemical methods have been demonstrated to be a very powerful 

and versatile technique for growing one dimensional ZnO nanostructures. �
Different particle shapes have been prepared: nanowires, nanorods, nanospheres, nanotubes 

and flower-like structures. The first synthesis of ZnO nanoparticles using the water-in-oil 
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(W/O) microemulsion reaction method was reported by -.�/012�.�3Hingorani 1993). In order 

to overcome the negative drawbacks such as the extended use of organic solvent, it was 

interesting to synthesize ZnO nanoparticles in the novel o/w microemulsion in order to 

emphasize any enhancement in its properties and assess it in potential application. 

Zinc Selenide is also an attractive II-VI semiconductor material possessing a large band gap 

of 2.7 eV at room temperature, which attracted considerable attention due its wide 

applications in laser diodes, green-blue light-emitting diodes and solar cells (Kalita 2000). Its 

wide direct band gap is desired for the next generation of optoelectronic communication 

systems, optical recording devices, light sensors, and blue diode lasers. ZnSe is also a 

promising material for windows, lenses, output couplers, beam expanders, and optically 

controlled switching due to its low absorptivity at infrared wavelength, visible transmission 

and giant photoresistivity (Tafreshi 1997). 

I.4.1.3. Magnetic nanoparticles: Mn-Zn ferrite nanoparticles 

Magnetic iron oxide nanoparticles are of high interest due to their unique magnetic properties 

(Kosak 2004). Indeed, they possess a large magnetic polarization and a high electrical 

resistivity (Goldman 1990); furthermore, they may display superparamagnetism. These 

materials are suitable for a wide range of potential applications such as ferrofluids (Anton 

1990) and in high-density information storage devices (Zolio 1984). In addition, due to their 

unique chemical, physical, thermal and mechanical properties, they have a high potential for 

various biomedical applications (Pankhrust 2003, Berry 2003, Mornet 2004, Gupta 2005) 

such as cell labeling, targeting, drug delivery, contrast agent in magnetic resonance imaging 

(MRI), hyperthermia, etc. The magnetic properties of the nanoparticles depend on their size, 

polydispersity and crystallinity. Currently, magnetite is the most used material for biomedical 

applications due to its biocompatibility and low-toxicity (Schwertmann 2007). It possesses 

inverse spinel structure that corresponds to a face centered cubic crystal constituted of Fe2+ 

ions and the Fe3+ ions located at the tetrahedral and octahedral sites (Cornelis 1977). 

However, in order to achieve a Curie temperature close to the operating range and 

temperature-sensitive magnetic properties (Arulmurugan 2006), the use of Mn-Zn ferrite 

spinel nanoparticles is more appropriate. Various methods are employed for the synthesis of 

mixed oxide spinel ferrite nanoparticles, such as co-precipitation from aqueous solutions 

(Auzans 1999, Goldman 1977, Robbins 1982), hydrothermal synthesis (Rozman 1995; 

Komarneni 1988), mechano-chemistry (Guigue-Millot 2003), sol–gel (Seki 1988), citrate 
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precursor method (Upadhyay 2004), microemulsion technique (Kosak 2004, Uskokovic 2004; 

Niu 2004) etc. In most of these methods, calcination is needed in order to obtain the desired 

crystalline structure, which in turn determines the magnetic properties. Interestingly, using the 

Water-in-Oil (W/O) microemulsion reaction method, Mn-Zn ferrite nanoparticles possessing 

the spinel crystalline structure could be prepared directly in the microemulsion, without any 

need for calcination (Kosak 2004; Aubery 2011). The microemulsion method leads to a better 

control of nanoparticle size and crystallinity, which is decisive for obtaining materials with 

appropriate and reproducible properties.  

I.4.2. Stabilization of nanoparticle dispersions 

Stabilization of colloidal dispersions in aqueous and non-aqueous solutions is of high interest 

in numerous application fields such as detergents, cosmetics, pharmaceutical, inks and so on. 

A colloidal dispersion is not thermodynamically stable. Stability of nanoparticle dispersion 

will depend on the physicochemical properties of the nanoparticles and the solvent. In 

dispersion, nanoparticles possess a permanent Brownian motion which promotes collisions 

between them. The nature of the interactions will determine the stability of the nanoparticle 

dispersions. Indeed, if particle-particle interaction is attractive then, the agglomerates will be 

favorable and the dispersion will be instable. On the contrary, if the forces between particle-

particle are repulsive, the dispersion will be stable. To overcome the attraction issue between 

particles mainly due to Van Der Waals (VDW) forces, two main stabilization mechanisms are 

employed: electrostatic and steric stabilizations. 

I.4.2.1. Electrostatic stabilization 

In polar solvents, colloidal particles may be attracted due mainly to the VDW forces and this 

phenomenon can be overcome by introducing Coulombic repulsion in the system (Figure 14). 

The VDW forces and electrostatic forces are primarily responsible for physical adsorption 

(Parfitt 1983). Ionic species can be adsorbed onto the particle surface (droplet, 

nanoparticles…) in order to form a charged layer. Colloidal particles will be surrounded by 

opposite charges to generate a charge-neutral double layer. Note that in electrostatic 

stabilization, the mutual repulsion of these double layers will provide the dispersion stability. 

The ionic force of the dispersion medium expressed as 4 � �5&6 78�988  (with Z the charge of 

number of ions, I, and c is the molar concentration) is one of various parameters which plays a 

role on the thickness of double layer. Hence, increasing the ion concentration leads to an 
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increase of ion force of the medium. The thickness of the double layer is reduced significantly 

with increasing the ionic strength. This observation can be explained by the coagulation of 

most charge-stabilized dispersions when increasing the ionic strength of the dispersion 

medium (Napper 1983). 

 
Figure 14 : Stabilization of particles by electrostatic mechanism 

The disadvantage of charge stabilization of particles is its high sensitivity to the ionic force of 

the dispersion medium. Moreover, this stabilization can be only applied for aqueous solution 

in which electrolytes are soluble. However, it stays as an easy and low cost method to 

stabilize particles in dispersion. 

I.4.2.2. Steric stabilization of colloids 

Steric stabilization (sometimes called polymeric stabilization) for colloidal dispersions is 

composed of two different mechanisms: steric s and depletion stabilizations (Figure 15). 
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Figure 15 : Stabilization of particles by a) steric and b) depletion effect 

Steric stabilization of colloidal particles is achieved by adsorption of polymer or other 

stabilizing agent molecules onto the particle surface (Figure 15a). The nature of polymer 

molecules is relevant to obtain a stable dispersion. The particle functionalization depends on 

the adsorption density (surface coverage), packing, orientation of molecules at the interface, 

and the nature of charges on the particle (Somasundaran 2002). 

Depletion stabilization of colloidal particles is obtained by the presence of polymer in a free 

(isolated, dissolved) state in solution (Figure 15b). This stabilization can be related to the 

occupied space in the solution reducing the particle-particle interaction. In addition, 

solubilization of polymer in a solution can result in increasing of the viscosity of the medium 

promoting a reduction of particle sedimentation.  

I.4.2.3. Factors affecting adsorption 

Several factors control the adsorption of molecules onto the surface of particles, which 

influences the stabilization mechanisms governing the adsorption process. Parfitt and 

Rochester (Parfitt et al. 1983) have reviewed them and they are listed below: 

o Nature of the particle surface: Physical properties of the particle such as porosity, 

specific surface area and so on, favour the surface available for adsorption whereas the 

chemical nature of the surface determines the reactivity of particle surface towards the 

dispersing agent. 

o Chemical structure of the dispersing agent and its interaction with the solvent: The 

structure such as hydrocarbon chain length, branching, nature, and presence of polar 

functional groups of the dispersing agent and its solubility in the dispersion medium affect 

its adsorption onto the particle surface. 

Stabilization by depletion

Polymer in 
solvent

b) 



 _______________________________________________ I.INTRODUCTION 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 33 
 

o Nature of the solvent: The solvent interacts with the particle surface and/ or with the 

dispersing agent decreasing the dispersing agent-particle surface interactions. Hence, 

chemical nature and its polarity are important properties to control the adsorption process. 

o Nature of the dispersing agent-particle surface interactions: The strength of the 

interactions between the dispersing agent and particle surface will determine the structure 

and orientation of the adsorbed layer. In addition, in aqueous dispersion, the electrostatic 

interactions between charged surface sites of particles and the charged dispersing agent has 

to be taken into account. 

o Temperature: Properties of the dispersing agent, solvent and surface particle as well as 

their interactions may be altered by temperature. Generally, physical adsorption (weak 

interactions) decreases with increasing temperature due to the enhanced solubility of the 

dispersing agent. However, chemical adsorption usually increases rising temperature to a 

specific temperature according to the chemical reaction occurring at the particle surface. 

In the literature, the most important stabilization work has been carried out with magnetic iron 

oxide nanoparticles due to their potential applications in ferrofluids (Anton 1990), in high-

density information storage devices (Zolio 1984), chemotherapy (Mahmoudi et al. 2011), 

tumor imaging (Zhang et al. 2009). Different classes of dispersing agents have shown to be 

suitable. Indeed, functional groups including carboxylate, phosphonate and sulfates are known 

to bond to the surface of magnetic nanoparticles (Cornell 1996, Sahoo 2001). Iron oxide 

nanoparticles are dispersed in long chain of hexadecane and the best dispersing agent has 

been shown to be oleic acid (Gupta 2005). The cis-double bond in the middle leads to form a 

kink. Such kinks have been postulated as important for efficient stabilization (Gupta et al. 

2005). Mixture of oleylamine and oleic acid also exhibit an enhancement in magnetic 

nanoparticle stabilization (Salado 2012). Another family is employed: polymer stabilizers. 

Dextran, polysaccharide polymer, has been extensively used due to its biocompatibility 

(Subramani 2006). Moreover, another polymer which stabilizes magnetic nanoparticles in 

water is the PolyEthylene Glycol (PEG) due to its hydrophilicity. Hence coated nanoparticles 

become water-soluble (Paul 2004, Kohler 2002). Alkoxysilanes and chlorosilanes are efficient 

to stabilize TiO2 nanoparticles (Gamble et al. 1998). In addition, phosphonic/phosphoric acid 

derivatives are employed to stabilize these latter nanoparticles as described by Lu et al. (Lu et 

al. 2012). 

 

  



I.INTRODUCTION ________________________________________________________  

34 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

 

 

 

 

 

 



 ________________________________________________________________________  

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 35 
 

 

 

 

 

 

 

 

 

 

 

 

II. OBJECTIVES 

 

 

 

 

 

 

 

 

 



 ________________________________________________________________________  

36 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

 



 ___________________________________________________________ II.OBJECTIVES 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 37 
 

The use of microemulsion as reaction media for nanoparticle synthesis presents various 

advantages compared to other methods. They offer a high control of nanoparticle size and 

often nanoparticles with crystalline structure and a high specific area are obtained without 

calcination. Also, due to their thermodynamic stability, no energy input is needed for 

microemulsion formation, only a gentle agitation is sufficient to obtain microemulsions. In 

addition, simple equipment and mild conditions of temperature and pressure are employed. 

The traditional W/O microemulsion reaction method has been intensively studied (Boutonnet 

et al. 1982, Pileni 1997, Pileni 2003, Holmberg 2004, Lopéz-Quintela 2004, Destrée 2006, 

Eastoe 2006, Stubenrauch et al. 2008). However, the use of W/O microemulsions has some 

drawbacks preventing their use in industrial applications. The most important drawback is the 

organic solvents used as the continuous phase which are environmentally unfriendly. Also, 

they are cost ineffective. In order to overcome these drawbacks, our group has recently 

introduced the novel oil-in-water microemulsion reaction method for inorganic nanoparticle 

synthesis (Sánchez-Domínguez et al. 2009). The advantage of using an aqueous continuous 

phase, the use of the organometallic precursors that can be loaded at comparable or higher 

concentration than the metallic salts in the traditional w/o microemulsions (promoting a 

higher nanoparticle yield), and the need of only one microemulsion (instead of two as in the 

traditional W/O method), indicate the promise of this novel method.  

The main objectives of this study were the design of Oil-in-Water microemulsion systems, 

composed of poly(ethoxylated) alkyl ether nonionic surfactant, water and hydrocarbons, with 

and without the incorporation of organometallic precursor; the synthesis of various inorganic 

nanoparticles using these novel systems as confined media; and the investigation of the 

relationship between microemulsion properties and the obtained nanomaterial characteristics. 

These studies should allow the understanding of the parameters playing a key role in the 

formation of nanoparticles in the o/w microemulsion media. 

The specific objectives of this investigation are described below: 

 

o Design of o/w microemulsion systems with and without organometallic 

precursors dissolved in the internal oil phase 

 

o Characterization of the microemulsion type and hydrodynamic radius  
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o Synthesis of various types of inorganic nanoparticles by the O/W microemulsion 

reaction method  

 

o Preliminary mechanistic study of nanoparticle formation in the O/W 

microemulsion reaction media  

 

o Assessment of potential applications of the obtained nanoparticles as a function 

of their characteristics and specific properties. 

 

Working plan: 

 

- Study of the phase behavior composed of water, Synperonic® 10/6 (nonionic 

surfactant) and hexane (with or without inorganic precursors dissolved) at various 

temperatures (between 25ºC to 35ºC). 

It is important to study the influence of temperature and the incorporation of organometallic 

precursors on microemulsion formation. The microemulsion regions of these systems are 

defined in order to select punctual microemulsion compositions for the inorganic nanoparticle 

synthesis and to understand how microemulsion composition affects the nanoparticle 

characteristics.  

 

- Characterization of microemulsion systems 

Based on phase diagram, determination of the microemulsion type and droplet size is 

considered of interest. Punctual microemulsion compositions are chosen keeping a constant 

S/W weight ratio of 25/75 in order to define the microemulsion type by electrical conductivity 

measurements as a function of temperature. In order to clarify the results from electrical 

conductivity measurements, DOSY 1H NMR is performed. In addition, various parameter 

changes are investigated in order to stress their influences on the microemulsion formation 

and microemulsion structure; namely temperature changes, incorporation of the 

organometallic precursors in the oil phase and HCl in the aqueous phase, and microemulsion 

dilution. Moreover, the hydrodynamic droplet size of microemulsion system is assessed by 

Dynamic Light Scattering technique for microemulsions at fixed S/W ratio. In addition, the 

hydrodynamic radius of droplets is compared in case of microemulsion systems with and 

without precursors.  
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- Syntheses of various inorganic nanoparticles by the novel Oil-in-Water 

microemulsion reaction method and potential applications 

Syntheses of mixed oxide nanoparticles (Cu/Ce, Cu/Zn, Al, Al/Si oxides) used in catalysis, II-

VI semi-conductors (ZnO, ZnO2, ZnSe) and magnetic spinel mixed oxide (Fe2Mn0.5Zn0.5O4) 

nanoparticles in this novel O/W microemulsion media are performed because of their 

potential applications. Their characteristics are determined using various techniques such as 

transmission and scanning electron microscopy, XRD, TGA, and BET. Their special 

properties are also defined. Indeed, in case of the spinel mixed oxide nanoparticles, magnetic 

properties are assessed by SQUID experiments. The influence of microemulsion composition, 

nature of precipitating agent and metal molar ratio in case of magnetic mixed oxide 

nanoparticles is investigated. Fluorescent and photocatalytic properties are evaluated for the 

semi-conductor nanoparticles. 

 

- Nanoparticle functionalization and dispersion in solvents 

Since some of the potential applications require homogeneous incorporation of nanoparticles 

onto other systems such as certain solvents or polymers, it is relevant to work on the 

nanoparticle dispersion in order to obtain a stable dispersion. For that purpose, 

functionalization of the nanoparticle surface with dispersing agents is carried out. However, 

the novelty of this work arises from the in-situ functionalization of nanoparticles in the O/W 

microemulsion media which has not been reported yet. 

 

- Preliminary mechanistic study of the formation of nanoparticles 

It is relevant to gain a comprehensive understanding in the mechanism of nanoparticle 

formation in the O/W microemulsion media in order to control better the characteristics of the 

prepared nanoparticles.  
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III.1. Materials 

III.1.1. Surfactants  

The surfactants used thorough this thesis were fatty alcohol ethoxylated nonionic surfactants, 

and were technical-grade products of the Synperonic range, a gift from CRODA. These 

nonionic surfactants are ethoxylated primary alcohols with full saturation. In some cases the 

hydrocarbon chain is linear and in other cases it is branched. 

-Synperonic® 10/6, CH3(CH2)9(OCH2CH2)6OH, hexaethyleneglycol mono (8-methyl nonyl) 

ether or hexaethyleneglycol isodecyl ether, HLB = 12.6 –  CP = 37ºC - (Croda) 

-Synperonic® 91/6, CH3(CH2)8-10(OCH2CH2)6OH, hexaethyleneglycol mono decyl ether, 

HLB=13 – CP = 52ºC - (Croda)  

-Synperonic® 91/5, CH3(CH2)8-10(OCH2CH2)6OH, penta hexaethyleneglycol mono decyl 

ether, HLB= 11.6 – CP=36ºC. 

-12-hydroxystearic acid, CH3(CH2)5CH(OH)(CH2)10COOH – (Alfa Aesar) 

-Oleic acid, CH3(CH2)7CH=CH(CH2)7COOH, HLB= 17 – (Fluka) 

-Oleylamine, CH3(CH2)7CH=CH(CH2)8NH2, HLB= 9.7 – (Fluka) 

-Dioctyl sodium sulfosuccinate, C20H37NaO7S – (Fluka) 

-Brij 96V, CH3(CH2)7CH=CH(CH2)7(OCH2CH2)10OH, HLB= 12.4 – (Fluka) 

-Cetylalcohol, CH3(CH2)15OH – (Fluka) 

-Cremophor® WO7, PEG-7 Hydrogenated Castor Oil, HLB= 5 – (BASF) 

-Cremophor® EL, PEG-35 castor oil, HLB=13 – (BASF) 

III.1.2. Aqueous components  

-Milli-Q water 

-PBS (Phosphate Buffer Solution prepared with 8g NaCl, 2.983g Na2HPO4, 0.219g NaH2PO4 

in 1L, pH=7.42) 

III.1.3. Oils and precursors

Oils: 

-n-Hexane (Suprasolv, for gas chromatography) – (Merck) 

-n-Octane – (Merck) 
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-Tetrahydrofuran (THF) – (Sigma-Aldrich) 

-Acetylacetone (acac) – (Fluka) 

 

Metal / Organometallic precursors: 

- Iron(III) 2-ethylhexanoate, nominally 50% in mineral spirits – (Alfa Aesar) 

- Manganese(II) 2-ethylhexanoate, 40% in mineral spirits (6% Mn) – (Alfa Aesar) 

- Zinc(II) 2-ethylhexanoate, ca 80% in mineral spirits (17-19% Zn) – (Alfa Aesar) 

-Copper(II) 2-ethylhexanoate – (Alfa Aesar) 

-Cerium(II) 2-ethylhexanoate – (Sigma Aldrich) 

- Aluminum Isopropoxide, 99.99% – (Alfa Aesar) 

-TetraethylOrthosilicate (TEOS) – (Merck) 

-Selenium 99.99% (metal powder) – (Aldrich) 

III.1.4. Precipitating agents  

-Tetramethyl Ammonium Hydroxide pentahydrate (TMAH, 98%) - (Aldrich) 

-Sodium Hydroxide (NaOH, pellets) - (Carlo Erba) 

-Ammonia solution (NH3, 32%) – (Merck) 

III.1.5. Reducing agents  

-Sodium Borohydride (NaBH4) – (Merck) 

III.1.6. Oxidizing agents  

-Hydrogen peroxide 30% – (Sigma Aldrich) 

III.1.7. Other materials  

-Deuterium Oxide (99.9 at %D) – (Aldrich) 

-Hydrochloric acid (35%) – (Panreac) 

-Propan-2-ol – (Carlo Erba) 

-Butan-2-ol, CH3-CH2-CH(OH)-CH3 – (Fluka) 

-Rhodamine B – (Sigma) 
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III.2. Techniques 

III.2.1. Specific electrical conductivity 

Conductivity is the ability of a material to conduct electric current. Two types of conductivity 

measurement exist: inductive and contacting. The contacting conductivity sensors consist of 

two metal electrodes, made of Platinum or Titanium, in contact with the electrolyte solution. 

The analyzer applies an alternating voltage to the electrodes producing a current in the 

presence of ions in solution (Figure 16a). The electrical conductivity is calculated by using 

Ohm´s law (R = V / I), where V is the tension in Volts and I is the current in Ampere; R is the 

solution resistivity (in ohm), and the electrical conductivity  

G is then calculated by G=1/R; the units of electrical conductivity is the Siemens (S). Since 

the geometry of the cell affects the magnitude of the electrical conductivity, the specific 

electrical conductivity (� in S/cm) is reported. This is calculated using the equation � = G*K, 

where K is the cell constant in cm-1. The cell constant is expressed as K= L/A, where L is the 

distance that separates the electrodes and A is the area of the electrodes as described in 

Figure 16b.  
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Figure 16 : a) Ion migration in solution and b) description of the cell constant parameter. 

III.2.2. Dynamic Light Scattering (DLS) 

Scattering techniques are non-destructive methods, which allow the study of structure and 

dynamics in colloidal systems. Dynamic light scattering (DLS) is the name used for the 

technique based on the measurement of particle size from dynamic changes of the scattered 

light intensity (Pusey 1984 and 2002; Schurtenberger 1993). Nowadays, Photon Correlation 

Spectroscopy is the most widely used name (Merkus 2009). In the DLS technique, the 

intensity of the scattered light by particles, droplets or molecules is measured at a given angle 

as a function of time (Figure 17). All particles, molecules or droplets possess a Brownian 

motion in liquid or gas dispersion defined as a stochastic movement that is caused by thermal 

energy induced by their collisions with molecules, droplets or particles of the surrounding 

medium. 

 

  

Electric current, Ia) b) 
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Figure 17: Schematic diagram of a conventional dynamic light scattering instrument. 

The Brownian motion of the dispersed particles determines the rate of change of the scattered 

light intensity. The temporal intensity changes are then converted to the translational self-

diffusion coefficients (Merkus 2002).  Assuming that the particles are spherical and without 

interaction between them in a dilute dispersion, the Stokes–Einstein equation (Equation 6) 

relates the translational self-diffusion coefficient to the hydrodynamic radius of particle Rh. 

Afterwards, the diffusion coefficient is also converted into particle size by employing the 

Stockes-Einstein (Einstein 1905) equation: 

:+ � �	�
;<="> Equation 6 

with kB the Boltzmann´s constant, T the absolute temperature, = the viscosity of the 

surrounding medium. 

Particle can be considered as an elementary dipole which is forced to oscillate at the 

frequency of the incident field E0 and, in turn, it radiates. An important quantity in a light 

scattering experiment is the scattering vector ?@@A (Figure 17), which represents the difference 

between the wave vectors of the scattered BC@@@@Aand incident BD@@@@A  radiations. 

In Figure 18, the scattering centers are represented by circles and two scattering centers are 

shown scattering radiation into a given direction, along which a detector is placed. In the 

beam direction, the molecules are always in rotating, translating and/or vibrating movement 

due to thermal interactions. As a consequence, the EA vector will be time dependent and the 

phase of the scattered field will take a temporal variation containing information of the 

particle dynamics following the Stockes-Einstein equation (Equation 6): 
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firstly presented in 1912 to the Cambridge Philosophical Society as Bragg’s Law (Bragg 

1934): 

 Equation 7 

 

where  � is the diffraction order, F the wavelength of the rays, G the Bragg´s angle and H>IJ 
the interplanar spacing (called d-spacing).  

 

Figure 19: Principle of the X-ray diffraction technique. 

III.2.4. Small Angle X-ray Scattering (SAXS) 

Small Angle X-ray Scattering (SAXS) has become a powerful technique in colloidal science for 

determining size, shape and internal structure of polymer particles in the size range from a few 

nanometers up to about 100 nm (Guinier 1955, Glatter 1982, Brumberger 1995). SAXS 

measurements give information on the structural features of colloidal systems as well as their 

spatial correlation. It probes inhomogeneities of the electron density on a length scale of 

typically 1-100 nm, thus yielding complementary structural information to powder XRD (also 

known as WAXS - wide angle X-ray scattering) data. Hence, SAXS analysis is suitable for a 

comprehensive analysis of colloidal systems such as self-assembled surfactant systems and 

nanostructured inorganic materials. SAXS measurements typically are concerned with 

scattering angles < 1o. According to Bragg's Law (Equation 7), scattering at small angle 

allows information about structures with large d-spacing, in the mesoscopic range (Figure 

20). Therefore the SAXS technique is commonly used for probing large length scale 

structures such as analysis of nanostructured materials, shape and orientation distributions for 

example in liquid crystals and powders with an ordered porous structure (Schnablegger 2011). 

A two dimension detector can be set up in order to obtain diffraction rings on 2D images. 
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of a particle is an interference pattern, the oscillations of which are typical of the particle´s 

shape. In addition, when particle systems are densely packed, the distance relative to each 

other come into the same order of magnitude as the distances inside the particles 

(Schnablegger et al. 2011). The interference pattern will therefore contain contributions from 

neighboring particles as well. This additional interference pattern multiplies with the form 

factor of the single particle and is called “the structure factor”. Representing Intensity (I) as 

functions of q, the reflection with the highest intensity called “Bragg peak” corresponds to the 

distance (dBragg) between the aligned particles by using Bragg´s law (Equation 7). 

This powerful technique promotes to determine the orientation and its degree by 2D scattering 

pattern using the amplitude of intensity modulation, measured in a circle around the primary 

beam. In Figure 22 different aspects of the 2D scattering pattern are shown (Schnablegger 

2011) according to the orientation and order in the sample.  

 
Figure 22 : The 2D scattering patterns of randomly oriented (isotropic), partially oriented and perfectly 

oriented (single crystal) samples (Schnablegger et al. 2011) 

When the sample is randomly oriented (isotropic) such as dispersions and powder, the 

scattering pattern has equal intensities along concentric circles around the incident beam. 

However, intensity modulations are observed when the sample is partially oriented like fibers 

or sheared liquids. And finally, for a complete orientation in the sample such as a single 

crystal, some intensive pots called reflections can be detected (Schnablegger et al. 2011). 

III.2.5. Diffusion Ordered Spectroscopy (DOSY) NMR 

Diffusion-ordered spectroscopy (DOSY) is a two-dimensional NMR experiment and it 

consists of a two dimensional image where one dimension corresponds to the conventional 

chemical shift and the other corresponds to the diffusion coefficient (D) (or log (D)). 

Basically, a series of 1D pulsed field gradient stimulated spin-echo (PFG-STE) experiments is 

acquired with systematic variations of the gradient pulse amplitude. Consequently, attenuation 

of NMR signals during the pulsed field gradient is observed, and its degree of attenuation is a 

Random Partial Complete

-dispersions
-powder

-fibers
-sheared liquids

-single crystal
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S = (C-1)/WmC Equation 10 

and 

 

K � � �LMN
 Equation 11  

Thus, the weight of a monolayer Wm is obtained by combining equations (Equation 10) and 

(Equation 11): 

MN �� �
O � K Equation 12 

The second step in the application of the BET method is the calculation of the surface area. 

This requires knowledge of the molecular cross-sectional area Acs of the adsorbate molecule. 

The total surface area St of the sample can be expressed as: 

�P � MN
Q � R�$S Equation 13 

where N is Avogadro‘s number (6.0221415 × 1023 molecules/mol) and M is the molecular 

weight of the adsorbate. Nitrogen is the most widely used gas for surface area determinations 

since it exhibits intermediate values for the C constant (50–250) on most solid surfaces, 

precluding either localized adsorption or behavior as a two dimensional gas. Since it has been 

established (Kiselev et al. 1957, Lowell et al. 1982) that the C constant influences the value of 

the cross-sectional area of an adsorbate, the acceptable range of C constants for nitrogen 

makes it possible to calculate its cross-sectional area from its bulk liquid properties. For the 

hexagonal close-packed nitrogen monolayer at 77 K, the cross-sectional area Acs for nitrogen 

is 16.2 Å2. 

The specific surface area S of the solid is calculated from the total surface area St and the 

sample weight w, according to equation (Equation 14): 

� � �P
T  Equation 14 

Isotherm curves are also interesting to study since IUPAC published in 1985 a classification 

of six sorption isotherms (Sing 1985) as shown in Figure 24, and this can be correlated to the 

type of pores which are present in the sample. Each of these six isotherms and the conditions 

leading to its occurrence has been discussed according to Sing et al. (Sing 1985).  

The reversible type I isotherm is concave to the P/P0 axis and the adsorbed amount 

approaches a limiting value as P/P0 U �. Generally, physical adsorption on microporous 

materials leads to type I sorption. Micropore filling and therefore high uptakes are observed at 

relatively low pressures, because of the narrow pore width and the high adsorption potential. 
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The limiting uptake is governed by the accessible micropore volume rather than by the 

internal surface area. For non-porous or macroporous materials, Type II sorption isotherms 

are typically obtained where unrestricted monolayer-multilayer adsorption can occur. The 

inflection point or knee of the isotherm is called point B. This point indicates the stage at 

which monolayer coverage is complete and multilayer adsorption begins to occur.  

 

 
Figure 24 : IUPAC classification of sorption isotherms 

The reversible type III isotherm is convex to the P/P0 axis over its entire range and therefore 

does not exhibit a point B. This indicates that the attractive adsorbate-adsorbent interactions 

are relatively weak and that the adsorbate-adsorbate interactions play an important role.  

For mesoporous materials Type IV isotherms are obtained. A hysteresis loop is characteristic 

of this type of sample, which is associated with the pore condensation. The limiting uptake 

over a range of high P/P0 results in a plateau of the isotherm, which indicates complete pore 

filling. The initial part of the type IV can be attributed to monolayer-multilayer adsorption as 

in case of the type II isotherm. 

Type V isotherms show pore condensation and hysteresis. However, in contrast to type IV the 

initial part of this sorption isotherm is related to adsorption isotherms of type III, indicating 

relatively weak attractive interactions between the adsorbent and the adsorbate. 

The type VI isotherm represents a stepwise multilayer adsorption on a uniform, non-porous 

surface (Hill 1955), particularly by spherically symmetrical, non-polar adsorptives.  
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Figure 28 : STEM-EDX mapping of a sample containing Fe element 

Figure 28 displays an example of STEM-EDX mapping of a sample containing Fe element. 

Yellow spots represent the detection of Fe element. 

III.2.8. Zeta potential 

Particle mobility can be determined by laser diffraction of particles in an electric field. An 

electric field is applied at the cell inducing a particle movement (called electrophoretic 

mobility). Thus, a fluctuation on the detected light intensity with a frequency proportional to 

the particle velocity will be produced.  

The Zeta potential is calculated from the electrophoretic mobility using Henry´s equation: 

V � WX=
&YZE�[[+ Equation 15 

where � is the electrophoretic mobility, � is the viscosity of the medium, � and �0 are the 

dielectric constants for water and vacuum respectively, and f(� r) is the Henry´s function that 

ranges from 1 � f(� r) � 1.5 where � is the inverse of the Debye length and r the radius of the 

particle. In order to avoid f(� r) calculation which is complex, Davies et al. (Davies 2007) 

described the case when Smoluchovski approximation, f(� r)=1.5, could be applied: � r > 20, 

low V (V \ ]^�_` ) and those cases where the eletrophoretic mobility decreases when 

concentration of electrolyte is increased.  
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Figure 29 : Schematic representation of the Zeta potential  

Schematic representation of the Zeta potential is presented in Figure 29. When the zeta 

potential equals zero, it is called the Isoelectric point and it is normally the point where the 

colloidal system is least stable.  

III.2.9. IR and UV-visible spectrometry 

In the IR region of the electromagnetic spectrum, the absorption of radiation by a sample is 

due to changes in the vibrational energy states of a molecule (from ground energy state to 

excited energy state). IR spectra are traditionally displayed as Percent transmittance (%T) as a 

function of wavelength (4000-400 cm-1). This technique is a useful tool for identifying the 

functional groups of a molecule. On the other hand, UV-visible radiations stimulate molecular 

vibrations and electronic transitions. The absorption spectroscopy is plotted from 160 nm to 

780 nm. By this technique, the transmittance or absorbance values are plotted as a function of 

wavelength (nm). This method is relevant to identify organic and many inorganic species 

(Sherman 1997).  

III.2.10. Fluorescence spectrophotometry 

A molecule in solution excited through absorption of radiation may dispose of the excess 

energy. In some cases, the excess of energy may produce an emission of a photon. If this 

emission induced an electron movement between two states of the same spin multiplicity the 

process is spin-allowed and fast; this process is known as fluorescence (Figure 30). If the 

emission occurs between states of different multiplicity the transition is spin-forbidden, and is 
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much lower, with a half-life from microseconds to minutes or even hours; this type of 

emission is known as phosphorescence (Wehry 1997).  

 
Figure 30 : Transitions between molecular electronic energy levels 

 

III.2.11. Temperature Programmed reduction (TPR) and desorption (TPD) 

Temperature-programmed reduction or/and oxidation (TPR-TPO) is a widely used tool for the 

characterization of metal oxides, mixed metal oxides, and metal oxides which are dispersed 

on a support (GatScientific webpage). The TPR method yields quantitative information of the 

reducibility/ oxidability of the oxide’s surface, as well as the heterogeneity of the reducible 

surface. TPR is a method in which a reducing gas mixture (typically 3% to 17% hydrogen 

diluted in argon or nitrogen) flows over the sample. A thermal conductivity detector (TCD) is 

used to measure changes in the thermal conductivity of the gas stream. The TCD signal is 

then converted to concentration of active gas using a level calibration. Integrating the area 

under the�concentration as a function of time (or temperature) yields total gas consumed. 

Temperature Programmed Desorption is a standard surface science technique which has 

conventionally been used to provide information on the binding energies of atomic and 

molecular species adsorbed on a solid surface. The process of thermal desorption, on which 

this technique is based, is the mechanism with which an adsorbate leaves the substrate upon 

annealing and enters the gas phase. Desorption takes place if a molecule has enough energy to 

overcome the activation barrier for desorption. 
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III.2.12. Other techniques 

o Thermogravimetry Analysis (TGA)/ Differential Scanning Calorimetry (DSC) 

Thermogravimetry analysis and Differential Scanning Calorimetry were performed in order to 

point out any rests of surfactant on the nanoparticle surface or, on the contrary to prove the 

surface functionalization of nanoparticles. In addition, the DSC was useful to detect any phase 

change as a function of temperature. 

o SQUID magnetometry 

A Superconducting Quantum Interference Device (SQUID) is the most sensitive available 

device for measuring magnetic fields. Based on this sensitive device the so called “SQUID 

magnetometers” have been developed. SQUID magnetometers are used to characterize 

magnetic materials when the highest detection sensitivity over a broad temperature range and 

using applied magnetic fields up to several Tesla is needed. The hysteresis loop is obtained by 

plotting the magnetization moment (M) as a function of the applied magnetic field (H). 

Depending on the magnetization response, the magnetic nature of the material can be 

concluded. Figure 31 shows the plot of Magnetization M as a function of magnetic field H for 

different samples. 

 

Figure 31 : Magnetization hysteresis loops of some materials possessing different magnetic behavior- MS: 

saturation magnetization 

In addition, various experiments are carried out in order to complete the magnetic properties. 

Zero Field Cooling (ZFC) measurement consists on cooling the sample in the absence of an 



III.EXPERIMENTAL PART  _______________________________________________  

62 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

applied magnetic field. Then, the sample is warmed up and the magnetization is measured as a 

function of temperature by applying an external magnetic field (50 Oe). On the other hand, 

the Field Cooled (FC) measurement consists of freezing the sample around 0 K under low 

magnetic field and following the magnetic moments as a function of temperature. The 

maximum peak corresponds to the blocking temperature. At the blocking temperature (Tb), 

the magnetization is maximal which means that an overall magnetic moment orientation is 

reached (Néel 1948). 

III.3. Methods

III.3.1. Microemulsion formation 

The preparation of samples was performed by mixing appropriate amounts of Milli-Q water, 

surfactant and “oily” components in a glass vial with long neck. Then, the vials were flame-

sealed in order to avoid evaporation (since this would lead to a change in composition). 

Afterwards, a gentle vortex stirring was applied before placing them in a thermostated water 

bath. The samples were left to thermodynamic equilibration at least thirty minutes before 

observation by naked-eyes and between two cross polarized filters in order to detect the 

presence of liquid crystals. The phase behaviour of the samples was studied as a function of 

temperature and composition. Single-phase, fluid, transparent and isotropic samples were 

identified as microemulsions; multiphase and/or liquid crystal phases were not studied in 

detail. 

III.3.2. Microemulsion characterization 

III.3.2.1. Structure 

o Electrical conductivity measurement 

Conductivity experiments were carried out using a Crison conductimeter GLP31. The 

conductivity cell was a model 52-92 (Crison) with Pt electrodes and a cell constant of 1 cm-1. 

The temperature was controlled to +/- 0.0550ºC by temperature sensor, model 55-31 (Crison). 

This technique was used in order to identify the phase transition of mixtures composed of at 

least three components (oil, water and surfactant) as a function of temperature. Some 
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parameters were changed in order to point out their influences on the microemulsion structure 

such as microemulsion dilution (keeping constant the Surfactant / Oil (S/O) weight ratio). 

Samples were placed in a round bottom flask with two inlets, one for the conductimeter cell 

and the other for the temperature sensor. Then, samples were cooled below 20ºC by means of 

water bath mixed with ice and placed onto a stirring hot plate. Temperature was slowly 

increased up to 60ºC (at higher temperature, hexane, which is the solvent used in the study 

starts to boil) and electrical conductivity measurements were recorded. Strong magnetic 

stirring was applied during the measurements in order to obtain permanently homogeneous 

samples. 

o Diffusion Ordered Spectroscopy (DOSY) NMR  

The approximation of diffusion coefficient of microemulsion components were determined by 

the Fourier Transformed Pulsed-Gradient Spin-Echo (FT PGSE) technique, monitoring the 

1H NMR spectrum. An example of microemulsion 1H NMR spectrum is presented in Figure 

32. Between 0.8 and 1.5 ppm the signals were overlapped corresponding to the hydrocarbon 

tail of surfactant and hexane signals. Due to this signal overlapping, the self diffusion 

coefficients of each component could not be determined precisely. As a consequence, due to 

the difference molecular weight of these two components: surfactant and hexane, 2D DOSY 
1H NMR was employed to identify quantitatively the self-diffusion coefficients leading to the 

identification of the change of microemulsion structure.    
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Figure 32 : Example of Milli-Q (mixed with D2O) / synperonic® 10/6 / Hexane microemulsion system 1H 

NMR spectrum 

From the global attenuation of the spin echo under the influence of pulsed magnetic field 

gradients, the self diffusion coefficients were determined for each microemulsion component. 

Measurements were carried out at room temperature, 36ºC and 55ºC using the Varian Inova 

500 MHz. The pulse sequence used for all experiments was the Bipolar Pulse Pair Stimulated 

Echo with convection compensation (Dbppste_cc), adjusting the gradient strength, the pulse 

interval for each sample at the right temperature. The Dbppste_cc pulse sequence gives better 

results than Dbppste, because it decreases the artifacts induced by the convection of the 

solution in the NMR tube, especially when the sample temperature is regulated to be different 

from room temperature [10]. An example of DOSY 1H NMR where 1H NMR spectrum is 

obtained in x-axis and log (self-diffusion coefficient) in y-axis is given in Figure 33. 

Components with a high mobility characterized by a high self-diffusion coefficient will show 

up on the top of the DOSY 1H NMR spectrum and vice versa. 
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Synperonic® 10/6 / Hexane weight ratio at 58/42 and varying the water contents (92, 77, 57 

and 47 wt%) as a function of temperature (25ºC and 30ºC). 

III.3.3. Nanoparticle synthesis 

III.3.3.1. General description of the method 

o Synthesis of metal oxide nanoparticles 

 
Figure 34 : General description of the use of O/W microemulsion as reaction media for synthesis of oxide 

nanoparticles 

The microemulsion systems used for nanoparticle synthesis were: Milli-Q Water / 

Synperonic® 91/6 (or Synperonic® 10/6) / Hexane. The properties of Synperonic® 10/6 and 

91/6 are rather similar; the only difference is that the hydrocarbon chain is linear for 

Synperonic® 91/6 (n-decyl, C9-C11 alcohols) and slightly branched for Synperonic® 10/6 

(isodecyl of 8-methylnonyl)). The microemulsion was rapidly formed by mixing appropriate 

amounts of surfactant, oil component and Milli-Q water at the appropriate temperature, as 

determined in the phase behaviour studies. In the case of microemulsion containing the Zn-

EH precursor, an aqueous solution of HCl (0.8M) was added in order to obtain pH~5 and 

avoid the hydrolysis of the Zn-EH precursor by presence of ethoxylated surfactant which 

possesses acid-basic properties (Zikolov et al. 1975). For each preparation, it was relevant to 

adjust to temperature in order to obtain the microemulsion formation and then, an aqueous 

solution of NaOH (2.5M); TMAH (0.5M) or NH4OH(aq) was added in order to reach an 

appropriate pH under vigorous stirring at the microemulsion temperature and rapidly 

nanoparticles precipitated (Figure 34). For the preparation of ZnO2 the same procedure was 
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carried out, except that after one hour, H2O2 (2 wt%) was added. All the reaction mixtures 

were kept stirring overnight, followed by centrifugation and washing cycles with 

Ethanol/Water (1/1) and the obtained NPs were dried at 70ºC. The dry material is grinded 

using an agathe pestle and mortar in order to obtain a fine powder. ZnO2 nanoparticles were 

then calcined at 300ºC for 2 hours in order to obtain ZnO NPs. For the preparation of mixed 

oxides and mixtures of metal oxide nanoparticles such as CuO/ZnO, mixed Cu/Ce oxide, 

different metal molar ratios were investigated: Cu/Zn (10/90, 20/80, 50/50, 67/33) and Cu/Ce 

(0/100, 5/95, 10/90, 20/80, 30/70, 40/60, 50/50, 100/0).  

o Synthesis of chalcogenide nanoparticles 

This process was carried out under inert atmosphere (N2). The microemulsion containing 

Synperonic® 10/6 / (Milli-Q water including 11.23 wt% HCl (0.8 M)) ratio equal to 50/50 and 

43.5 wt% of oil containing the metal precursor dissolved (Zn-2EH with 2 wt% of Zn2+) in 

hexane. Selenium (black powder, 99%) was dissolved in degassed Mili-Q Water by adding 

Sodium Borohydride (NaBH4) using a (Se:NaBH4) molar ratio = 1:2. Hence, the reducing 

solution started to be colorless and transparent which means that Se2- specie was formed in 

solution (reduction reaction exposed in Equation 16 and then, this solution is quickly poured 

into the microemulsion. Se2- species reacted with Zn(II)-EH precursor to form yellowish ZnSe 

nanoparticles. The (Zn2+:Se2-) molar ratio used was 1:1. The reaction was left overnight under 

inert atmosphere (N2). After that, by using centrifugation, yellowish NPS were obtained, and 

these were washed several times with Ethanol/Water (1/1) mixture in order to remove all 

impurities. ZnSe nanoparticles were dried under vacuum at room temperature for two days.  

a�R*bcd � &��e � f c�g U &�R*c�e � R*�bdgh � �a c� Equation 16 

 

o Synthesis of continuous framework composed of nanoparticles using the 

bicontinuous microemulsion 

Frameworks composed of ZnO and ZnSe nanoparticles were prepared using the bicontinuous 

microemulsion as reaction media. The microemulsion composition was Synperonic® 10/6 / 

Milli-Q water acidified with 11.23 wt% HCl (0.8M)) weight ratio: 50 / 50 and 43.5 wt% 

(Hexane + 2wt% Zn2+). The same precaution was taken for ZnSe working under inert 

atmosphere (N2). Then, NaOH (2.5 M) (in case of ZnO) up to an appropriate pH or reducing 
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solution as described below (in case of ZnSe) was added. After 5 min the mixture containing 

the precipitated nanoparticles was poured in a Petri dish. Then, Ethanol was added and 

removed carefully with a pipette several times in order to wash the framework and obtain at 

the bottom of the Petri dish all the nanoparticles (Figure 35). After that, the recovered 

material was dried at room temperature under vacuum or 200ºC according to the thermal 

stability of the material.  

 

 
Microemulsion system: 

S:W = 50/50 and 43.5 wt% 

(Hexane+ 2 wt% Zn2+) + NaOH as 

precipitating agent – Formation of 

ZnO NPs 

 
Addition of Ethanol for isolating 

the framework composed of ZnO 

nanoparticles 

 
Framework obtained after 

drying at 200ºC 

Figure 35 : Visual observation of the preparation of continuous framework composed of ZnO 

nanoparticles. 

III.3.3.2. Microemulsion systems used for nanoparticle synthesis 

Table 2 collects the experimental conditions used for the oxide nanoparticle synthesis in the 

O/W microemulsion media and Table 3 shows the conditions for the preparation of 

chalcogenide and oxide nanoparticles prepared in the bicontinuous microemulsion reaction 

media 
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Table 2: Experimental conditions used for the preparation of the inorganic nanoparticles in the microemulsion 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
*according the molar ratio of each metal precursor 

SYNTHESIS OF OXIDE NANOPARTICLES IN O/W MICROEMULSION REACTION MEDIA 

Nanoparticles ZnO ZnO2 Cu/Ce oxide Cu/Zn oxide Mn-Zn ferrite Al2O3 Al2O3/SiO2 

S/W weight ratio 25/75 25/75 25/75 25/75 25/75 25/75 25/75 

 
 
 
O 
I 
L 
 
P 
H 
A 
S 
E 

wt% Oil phase 14 14 14 14 -12 
-20 18 14 

Oil solvents  Hexane : 
12.05 wt% 

Hexane : 
12.05 wt% Hexane Hexane : Hexane 

-Hexane :5.53wt% 
-Isopropanol :5.53 wt% 

-Acac : 6.49 wt%) 

-Hexane (4.2wt%) 
-Isopropanol (4.2 wt%) 

-Acac (4.9 wt%) 

Commercial 
Precursors P in 
ME (wt%) 

1.95 1.95 -Ce P :0.90*x/100 
-Cu P: 1.57*y/100 

- Cu P : 1.57*x/100 
- Zn P : 1.95 *y/100 

- Mn P : 0.67 (12) or 1.12  (20) 
-Zn P : 0.27 (12) or 0.46 (20) 
-Fe P :2.78 (12) or 4.63 (20) 

Al P : 0.45 wt% - Al P : 0.35 wt% 
-Si P : 0.35 wt% 

Metal ion 
concentration 
(wt%) in ME 

Zn(II) : 
0.28 wt% 

Zn(II) : 
0.28 wt% 

-Ce(III) :0.21*x/100 
- Cu(II) : 0.28*y/100 

- Cu(II) : 0.28*x/100 
- Zn(II) : 0.28*y/100 

-Mn (II) :0.04 (12) or 0.07 (20) 
-Zn(II) :0. 04 (12) or 0.07 (20) 
-Fe(III) : 0.16 (12) or 0.28 (20) 

Al(III) : 0.06 wt% 
 

- Al(III) : 0.06 wt% 
- Si(II): 0.047 wt%) 

Co-solvent from 
the commercial 
precursors 
(wt%) in ME 

Mineral 
spirits : 

0.39 

Mineral 
spirits : 

0.39 
_ Mineral spirits 

0.39*y/100 
-Mineral spirits: 1.85 (12) 
-Mineral spirits: 3.08 (20) _ _ 

% Metal molar 
ratio _ _ 

Cu/Ce (x/y): 100/0- 
5/95-10/90-20/80-
30/70-40/60-50/50-

0/100. 

Cu/Zn: (x/y): 50/50- 
10/90-20/80 

Mn/Zn/Fe (1/1/4): 16.67 /16.66 / 
66.67 _ Al/Si : 57/43 

Precipitating agent NaOH (2.5 
M) 

NaOH (2.5 
M) NaOH (2.5 M) NaOH (2.5M) -TMAH (0.5 M) 

-NaOH (2.5 M) -NH4OH (35%) -NH4OH (35 %) 

Oxidizing agent _ H2O2 (30 
wt%) _ _ _ _ _ 

pH (final) 12 12 12-13 12-12.5 12.6 11 11 

T (ºC) 25.5 25.5 24-33* 31-40* 25 (12) 
40 (20) 25 25 

Yield 

in g NPs/ kg 

microemulsion 

3.5 4.2 

Cu/Ce 

(100/0) : 3.5 

(0/100): 2.6 

3.5 
1.7 (12) 

2.9 (20) 
2.0 2.8 
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Table 3 : Experimental conditions of the preparation of chalcogenide and oxide nanoparticles in the 

bicontinuous media 

 

III.3.4. Nanoparticle characterization 

III.3.4.1. Size and shape  

Self-assembled nanoparticles were analyzed by the Optical microscope Reichert Polyvar 2 

from Leica equipped with four objectives, a light polarizer, a prism and a video camera (Sony 

CCD-Iris) connected to a PC with the software Leica IM 500 for the image capture.  

In addition, the size and morphology of nanoparticles were examined by Transmission 

Electron Microscope HRTEM 200kV JEOL 2100 LAB6 (objective polar piece with a 

resolution of 2.3Å). Dry powder sample (0.0001 g) was dispersed in 1 mL of isopropanol 

(ultrasound, 30 seconds), and a drop of this dispersion was immediately deposited onto a 

holey-formvar carbon TEM copper grid. Average particle size represented as histograms was 

SYNTHESIS OF CHALCOGENIDE AND OXIDE NANOPARTICLES IN BICONTINUOUS 
MICROEMULSION REACTION MEDIA 

Nanoparticles ZnSe ZnO 

S/W weight ratio 50/50 50/50 

O 
I 
L 
 
P 
H 
A 
S 
E 

%wt Oil phase 43.5 43.5 

Oil solvents (wt%) Hexane : 37.44 Hexane : 37.44 

Commercial Precursors P 
in ME (wt%) 6.06 6.06 

Metal ion concentration 
(wt%) in ME 0.87  0.87 

Co-solvent from the 
commercial precursors 
(wt%) in ME 

Mineral spirits: 1.21 Mineral spirits: 1.21 

% Metal molar ratio Zn2+ / Se2- : 1 / 1 _ 

Reducing solution 
NaBH4 /Se(m) molar ratio : (2/1) 

in water (4 wt% / wt% 
microemulsion) 

_ 

Molar ratio Se /NaBH4 : 1/2 _ 

Precipitating agent _ NaOH 

pH final _ 12 

T (ºC) 29.5 29.5 

Yield 
in g NPs/ kg microemulsion) 19.2 10.8 
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determined from TEM by measuring at least 200 nanoparticles per sample (Digital 

Micrograph 3.4, Gatan Inc “ImageJ”. Selected area electron diffraction patterns (SAED) of 

the NPs were also analyzed.  

Some nanomaterials were characterized with FEI XL40 Sirion FEG Digital Scanning Electron 

Microscope coupled with an Energy Dispersive Spectrometer (EDS).  

III.3.4.2. Crystallographic structure  

The dried materials were analyzed by X-ray diffractometry (Siemens D-500). Diffractograms 

were analyzed using Fullprof 2000 – WinPLOTR version 2009 software. The crystallite size 

(dXRD) was estimated by the Scherrer-Debye´s equation using the reflection possessing the 

highest intensity on the diffractogram. Additionally, the crystallographic structure of some 

nanomaterials was also assessed by analysing the SAED pattern with a High Resolution 

Transmission Electron Microscope HRTEM 200kV JEOL 2100 LAB6 (objective polar piece 

with a resolution of 2.3Å) using the same protocol of sample preparation as III.3.4.1.   

III.3.4.3. Pore structure  

The pore structure of selected samples was analyzed by SAXS. The X-ray Source used was 

XENOCS Genix 50W x-ray microsource, focus size 50 micron with wavelength of 1.54 Å. 

The monochromator was XENOCS FOX2D multilayer optics for SAXS. The equipment 

possessed Bruker HI-STAR multiwire area detector, 11 cm dia. active area 1024 x 1024 16 bit 

image and the beam size at sample ~ 0.8 mm x 0.8 mm. The sample was sandwiched between 

Kallebrat films and the transmission mode was used. 

III.3.4.4. Organic molecules at particle surface  

The experiments were performed with the routine-use equipment IR Nicolet Avatar 360 

Spectrometer. The dried sample was crushed and mixed with a few milligrams of KBr powder 

and pressed in order to obtain a compact pastille of sample. 

III.3.4.5. Electrical properties  

A four point probe has been carried out for assessment of electrical properties of the semi-

conductor nanoparticles. It consists of an apparatus for measuring the resistivity of 

semiconductor samples and a scheme of the dispositive is given in Figure 36. By passing a 
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current through two outer probes and measuring the voltage through the inner probes allows 

the measurement of the substrate resistivity. The powder sample has to be packed in order to 

obtain a sample with pellet shape. A current from 100 �A to 1 mA was applied to the sample 

and the voltage was measured in order to obtain the I-V curve measurements. 

 

Figure 36 : Schematic of four-point probes 

 

III.3.4.6. Optical properties  

The equipment used was Cary 300 Bio UV-visible: Varian Inc., Palo Alto, California, USA. 

The samples were diluted in order to avoid signal saturation (absorption values above 2). UV-

visible absorption scanning was useful for comparing the optical properties of organometallic 

precursors dissolved in hexane and dissolved in the microemulsion media. In addition, the 

photodegradation of Methylene Blue was followed by absorbance measurements at different 

reaction times. 

III.3.4.7. Magnetic properties  

Dried nanomaterials were characterized by performing magnetization measurements using the 

Magnetometer SQUID Quantum Design MPMS XL. Zero Field Cooled (ZFC), Field Cooled 

(FC) and hysteresis loops (at 5 K and 300 K) measurements were carried out.  
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III.3.4.8. Thermal transitions  

The equipment used was the thermogravimetry analysis with DSC Q600, TA Instruments. All 

samples were analyzed by heating up to 800ºC with a temperature ramp of 10ºC /min under 

an inert atmosphere (N2). 

III.3.4.9. Textural properties  

40 mg of dried powder was introduced in the long cell. Then, the sample was degassed at 

70ºC in case of samples (without calcinations) and at 200ºC (for calcined samples). After 

passing the degasification test, the samples were inserted in the analysis chamber. After each 

step, the weight was entered in the software in order to calculate the BET specific area and the 

pore size distribution using the BJH method. The shape of isotherm hysteresis was also 

analyzed according to the IUPAC classification. 

III.3.4.10. Physisorption  

o H2-TPR 

100 mg of powder sample (called catalyst) was packed in a U-shape tube between quartz 

wool. The experiment was conducted by using a mixture gas of 3-5% of H2 + 97-95% of N2. 

The flow rate of the carrier gas was 30 mL / min. A thermal conductivity detector (TDC) was 

used in order to evaluate the H2-consumption rate by the sample as a function of temperature. 

The heating rate was 10 ºC / min up to 600 ºC for 30 minutes. 

o H2-TPD 

The sample was also packed between quartz wool and H2 adsorption on catalyst was 

performed following the temperature ramp described in Figure 37. Then, N2 was flashed in 

order to evacuate the H2 and following the H2-desoprtion rate as a function of temperature for 

each sample. 
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III.3.5.2. Characterization of the obtained dispersion 

o Zeta potential  

The electrophoretic mobility X was measured using a Malvern Zetasizer nano Z. The case 

described in the present work fulfilled the requirements for applying the Smoluchovski 

approximation and  V could be calculated from X.  

o Fluorescence spectrophotometer 

The highly sensitive equipment used was the Cary Eclipse with a Xe lamp (80 Hz). The 

wavelength interval was 200-900 nm with a precision +/- 1.5 nm. It has an acquisition speed 

of 80 points per second. The samples were placed in a cell made of quartz and a screening of 

several excitation wavelengths was explored in order to detect the highest emission intensity 

for each sample. Once the optimum excitation wavelength was detected, all samples were 

studied at this excitation wavelength (�= 190 nm).   

o Dynamic Light Scattering 

In order to assess how well dispersed were the nanoparticles in the organic solvent, samples 

were analysed by Dynamic Light Scattering. A 3D-Photon Correlation Spectrometer (PCS) 

from LS INSTRUMENTS was used at an angle of 90°. The instrument is equipped with a He-

Ne laser (632.8 nm). Three measurements of 100 seconds were recorded per sample. The 

hydrodynamic radius was calculated by a manual exponential fitting of the first cumulant 

parameter. The measurement temperature was maintained at 25 °C by using a decaline bath, 

which matches the refractive index of glass and therefore it does not interfere with the 

measurement. 

III.3.6. Catalytic reactions 

III.3.6.1. Water Gas Shift reaction  

Lgi� ��c�gi� U Lg�i� � c�i� Equation 17 

 

There has been a renewed interest in Water Gas Shift reaction (Equation 17), given its 

potential use in conjunction with fuel-cell power generation. The fuel-cell technology, an 
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III.3.6.2. Photocatalytic reactions 

The efficiency of the ZnO photocatalysts in presence of a dye molecule tested as 

“contaminant”: Rhodamine B was assessed using the same concentration conditions as 

reported by Pung et al. in 2012 (Pung 2012). Hence, 0.020 g of dried nanoparticles (ZnO 

nanoparticles with various shapes) was mixed with 40 g of an aqueous solution containing 

Rhodamine B (5 ppm) in a glass reactor equipped with a magnetic stirrer and cold water flow 

to ensure a stable temperature of the reactor. The reaction mixture was stirred for 1 hour at 

25ºC in the dark. Subsequently, the dispersion was irradiated with a light bulb (H125-BL 125 

W, Iwasaki Electric, Japan), with a maximum emission wavelength of ca. 360 nm (weak 

ultraviolet light region). Sample (1 mL) was collected for analysis at different intervals of 

time (max. 80 min), and then ultracentrifugated at 5000 r.p.m during 30 minutes to separate 

the supernatant solution from the precipitated catalyst. Samples were analyzed UV-visible 

scanning spectrophotometer (Varian Cary 300 Bio, USA).in order to detect the absorbance 

band of the dye molecule (553 nm). The photodegradation efficiency (%) was plotted as a 

function of time.  
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IV.1. Microemulsion formation in water/ nonionic surfactant/ oil systems

IV.1.1. Phase behaviour without organometallic precursor  

The phase behaviour study of Milli-Q water / Synperonic® 10/6 / Hexane (with and without 

the organometallic precursors dissolved) systems was carried out at different temperatures 

(from 25ºC to 35ºC) in order to identify the region of isotropic and transparent solutions 

corresponding to “microemulsion”. The objectives were to investigate the influence of 

temperature and incorporation of organometallic precursors in the oil phase on microemulsion 

formation. Understanding the microemulsion properties will lead to a better control of the 

parameters influencing nanoparticle properties upon synthesis in the microemulsion media.  

IV.1.1.1. Ternary phase diagrams at constant temperature  

Figure 39 shows the ternary phase diagrams of the Milli-Q water / Synperonic® 10/6 / Hexane 

system at different temperatures from 25ºC to 35ºC. It can be noticed that a solubility region 

extending from the water corner to the central part of the diagram is formed in all the 

temperature range studied. This region is disconnected at 25ºC giving rise to two isotropic 

region (L). At temperature above 25ºC this region remained with the same shape, very narrow 

and slightly curved towards the center of the diagram.  

 Milli-Q Water

Synperonic® 10/6

Hexane0.5

0.5 0.5
T=25ºC

Milli-Q Water

Synperonic® 10/6

Hexane0.5

0.5 0.5
T=27.5ºC

L L L M M 
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Figure 39 : Ternary phase diagrams of Milli-Q Water / Synperonic® 10/6 / Hexane system at various 

temperatures – L region: isotropic and transparent solution and M region: Multiphase region. 

Comparing these results with thos published earlier on this system (Sánchez-Domínguez et al. 

2011) a slight difference in the region boundaries was found, which may be ascribed to minor 

composition differences between the batches of this commercial product. According to 

Brancroft rule, Synperonic® 10/6 possessing HLB= 12.6 (HLB > 10) has a better affinity with 

water than oil. Therefore, it should promote the formation of Oil-in-Water microemulsions. 

However, a temperature change will affect the hydrophilic-lipophilic properties of the 

nonionic surfactant. Indeed, the interaction of the ethylene oxide groups with the water 

molecules through hydrogen bonds decrease with the increase in temperature and renders the 

surfactant more lipophilic (Goldstein1984; Wartewig 1990). Another approach to explain the 

changes in solubility of ethoxylated nonionic surfactants with temperature considers that the 

conformation of the ethylene oxide group may induce a localized dipole moment mainly in cis 

conformation which creates molecular interactions with the polar water molecules (Karlstrom 

1985, Karlstrom 1992). However, by increasing the temperature, the excitation of water 

molecules will decrease their interactions with the ethoxylene oxide groups promoting the 

dehydration of the polar head-group of the surfactant. Hence, its affinity with water decreases. 
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This phenomenon was observed in this present study since the increase of temperature led to 

an increase in oil solubilization resulting in the L region more extended towards the oil 

corner. Depending on the S/O ratio and temperature, microemulsions could be diluted to 

infinity with water. The range of S/O ratios for which microemulsions were infinitely diluted 

with water to infinity was wider at low temperature than at high temperature. The range of 

S/O ratios associated with the ranges of Water content (wt%) for which microemulsions could 

be diluted to infinity are presented in Table 4. It was noticed that the range of S/O ratio was 

wider at low temperature than at high temperature. However, at high temperature the oil 

uptake was higher than at lower temperature.The oil content in the system was ~ 27 wt% at 

35ºC whereas at 25ºC it was 23 wt%, in the range of dilutable microemulsions.  The behavior, 

dilution to infinity with water is a fringerprint of O/W microemulsion droplets stabilized by 

nonionic surfactants (Garti 2004, Attwood 1992). The microemulsion region was thin because 

its curvature is restricted possibly due to rigid oil / water interface, resulting in well-defined 

droplet structure (Sánchez-Domínguez et al. 2013). Above 12 wt% oil phase for S/O: 70/30 at 

25ºC and above 20 wt% oil phase for S/O: 58.5/ 41.5 at 35ºC, bending of the L region started 

to occur; that meant, microemulsion formation was found at (roughly) constant surfactant 

content (around 30 wt%). This behaviour may result from a transition in microemulsion 

structure. Thus, increasing the oil concentration in the system should lead to a transition from 

O/W to bicontinuous microemulsion. In addition, a sample composition containing 61 wt% 

oil phase, 23.4 wt% Synperonic® 10/6 and 15.6 wt% water phase observed as a monophasic 

and isotropic solution may correspond to the formation of reverse microemulsion (W/O).  

Table 4 : Range of S/O ratio and the limit content of Water to obtain microemulsion which can be diluted 

with water to infinity 

T(ºC) 

Range of S/O ratio 
where the 

microemulsion can be 
diluted 

Up to Oil 
content (wt%) 

25 70/30 to 57/43 12 to 23 

27.5 69/31 to 55/45 11 to 25 

30 65/35 to 54/46 14 to 26 

32.5 61/39 to 53/47 17 to 27 

35 58.5/41.5 to 53/47 20 to 27 
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IV.1.2.1. Pseudoternary phase diagrams with Ce(III)-2EH precursor at 

constant temperature  

Figure 41 : Ternary phase diagrams of Water / Synperonic® 10/6 / Hexane and Ce(III)2EH system at 

various temperatures – L region: isotropic and transparent solution and M region: Multiphase region. 
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Figure 41 presents the pseudoternary phase diagrams of the Milli-Q water / Synperonic® 

10/6 / (Hexane + Ce(III)-2EH) system at different temperatures (from 25ºC to 35ºC).  

Comparing with the previous ternary diagrams, the L region was formed in a similar range of 

S/O ratios although it was slightly thinner which means that less oil could be solubilized in 

the microemulsions. Indeed, for S/W weight ratio of 30/70 at 25ºC 12-19 wt% hexane was 

solubilized in the system without precursor whereas 13-17 wt% hexane was incorporated in 

the system containing Ce(III)-2EH. In this region of the phase diagram (up to 22 wt% oil 

phase), microemulsions could be infinitely diluted with water which implies that Oil-in-Water 

(O/W) microemulsions were formed. It is interesting to note that typically for the Water-in-

Oil (W/O) microemulsion, phase behavior is highly affected by the presence of inorganic salt 

precursors in the aqueous phase; usually the L region is reduced, limiting the range of 

microemulsion compositions useful for the preparation of nanoparticles. It has been known 

since the early 1950’s that salts have a significant effect on the cloud point temperatures of 

nonionic surfactant solutions. One of the earliest papers to describe this effect is the work by 

Doscher et al. (Doscher et al. 1951). This phenomenon is attributed to the salting-out effects 

of the inorganic precursors causing dehydration of the polar head-groups of the nonionic 

surfactant (Nakashima 2006). O/W microemulsion phase behavior, such as that reported here, 

is expected to be less affected by the presence of organometallic precursors dissolved in the 

oil phase, since the interactions are weaker in nature (nonionic –ionic interaction in O/W 

microemulsion versus ionic-ionic in the typical W/O microemulsion). However, it should be 

mentioned that for O/W microemulsions, phase behaviour may depend on the preferred 

precursor solubilization site, which in turn will depend on the degree of amphiphilicity of the 

precursor; this may explain the slight differences in phase behavior between the systems with 

and without precursor. Above S/W: 45/55, no microemulsion formation could be detected at 

25ºC. This can be explained by an interfacial activity of the Ce(III)-2ethylhexanoate precursor 

affecting the microemulsion formation. Eastoe et al. found spectroscopic evidence suggesting 

that Cobalt-2ethylhexanoate present in Water/AOT/heptane W/O microemulsions, was 

located at the Oil-Water interface with the cobalt ion in the water pool (de Oliveira 2011). The 

results of the present study supports the hypothesis of certain interfacial activity by Ce(III)-

2ethylhexanoate. 
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Figure 43 : Microemulsion regions in the water/ Synperonic 10/6 / (hexane or hexane+Ce(III)2EH) 

systems at a) 25ºC and b) 35ºC –black line region: Microemulsion formation for the system without 

precursor and grey line region: Microemulsion formation for the system containing Ce(III)-2EH – M: 

Multiphase region.  

The influence of temperature on microemulsion formation is highlighted in Figure 44. At 

35ºC, the microemulsion regions for both systems, Figure 44a without precursor and Figure 

44b with Ce(III)-2EH precursor, were extended towards the oil corner, which means that 

more oil could be solubilised in the system. However, the system without precursor is much 

more extended towards the oil corner than that containing the Ce(III)-2EH precursor at both 

temperatures (25ºC and 35ºC). This coud be due to interfacial activity of the 2-ethylhexanoate 

precursor as explained above. 

 

 

 

Milli-Q Water

Synperonic® 10/6

Hexane
or

(Hexane+Ce(III)EH)

0.5

0.5 0.5
T=25ºC T=35ºC

Milli-Q Water

Synperonic® 10/6

Hexane
or

(Hexane+Ce(III)EH)

0.5

0.5 0.5

a) b) 

M M L 

L 



 __________________________________________ IV.RESULTS AND DISCUSSION 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 91 
 

Figure 44 : Influence of the temperature on the microemulsion formation a) system without precursor, b) 

with Ce(III)-2EH precursor – grey region : at 25ºC and black region : 35ºC – M: Multiphase region.  

IV.2. Microemulsion characterization

The high interest of determining the structure of the transparent and single isotropic phases 

(microemulsions) came from the use of these as confined reaction media for the preparation 

of the inorganic nanoparticles such as semi-conductors, magnetic nanoparticles and so on. 

Preparing nanoparticles in these microemulsions implies the incorporation of different 

components such as hydrochloric acid and organometallic precursors. The role of each 

component will be explained in next chapter. Hence, it is necessary to study the effects of 

incorporating these components on the microemulsion structure. After determination of the 

microemulsion regions at different temperatures, selected microemulsions were characterized 

by electrical conductivity, NMR and light scattering.  

IV.2.1. Characterization of microemulsion structure by electrical 

conductivity  

  IV.2.1.1. Preliminary study 

Preliminary experiments consisting of determining the electrical conductivity of various 

Synperonic® 10/6 : Milli-Q water weight ratios (from 0/100 to 50/50) were performed in order 

to find out wether an electrolyte should be added to the system.. 

Milli-Q Water

Synperonic® 10/6

Hexane0.5

0.5 0.5

Milli-Q Water

Synperonic® 10/6

Hexane+Ce(III)EH0.5

0.5 0.5

a) b) 

M M 



IV.RESULTS AND DISCUSSION ___________________________________  

92 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

 
Figure 45 : Electrical conductivity measurements as a function of Synperonic® 10/6 / Milli-Q water (S/W) 

weight ratio.  

In spite of the nonionic nature of the surfactant, relatively high electrical conductivity values 

were obtained, which can be associated with the presence of impurities in the surfactant batch 

that contribute to the electrical conductance of the system studied. Therefore, incorporation of 

electrolytes was not considered necessary. Increasing the surfactant content in water gave rise 

to an increase of electrical conductivity (from 8 �S/cm to 120 �S/cm) for Synperonic® 10/6 / 

Water (S/W) weight ratio comprised between 0/100 to 30/70 due to the increase of impurity 

concentration in the sample; then, from S/W = 40/60, conductivity started to decrease which 

may be explained by the configuration change such as changes in self-aggregation of the 

surfactant in solution (for example, from spherical to elongated micelles). Furthermore, at 

S/W= 50/50, the surfactant appeared to have reached its solubility limit in water, resulting in a 

translucid sample. Consequently, the electrical conductivity slightly decreased (90 �S/cm-1). 

As a conclusion, according to the surfactant concentration, the electrical conductivity value 

will be affected as displayed in Figure 45.   

Selected pseudoternary systems chosen for nanoparticle synthesis were characterized by 

electrical conductivity as a function of temperature with the motivation of determining their 

phase transitions.  
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o Study of the microemulsion system containing Synperonic® 10/6 / Milli-Q water : 

25/75 and 14 wt% oil phase 

 
Figure 46 : Electrical conductivity as a function of temperature for a sample with system : synperonic® 

10/6 / Water: 25/75 and 14 wt% hexane. 

Basically, this experiment investigates the effect of increasing the temperature on the 

hydrophilic-lipophilic properties of the nonionic surfactant due to the dehydration of its polar 

head. Thus, the spontaneous curvature due to the hydrophilic lipophilic properties of the 

surfactant will change as a function of temperature, which can be explained by the packing 

parameter. In this system, the area of polar head of the surfactant is controlled via the 

dehydration of polar head by increasing the temperature. 

The results are shown in Figure 46. From 25ºC to 36ºC, conductivity values around 110 

�S/cm corresponded to a transparent and single isotropic solution (microemulsion) possessing 

an aqueous continuous phase as suggested by its relatively high electrical conductivity. 

Hence, it can be deduced that the structure up to this temperature is an oil-in-water 

microemulsion (surfactant with p <1) since the system was transparent with a low viscosity, 

relatively high electrical conductivity and no liquid crystals could be detected. Then, 

increasing the temperature up to 42º, the sample became turbid due to multiphase formation 

and a decrease of the electrical conductivity was observed. The polar head of surfactant 

started to be dehydrated and the spontaneous curvature decreased since the a0 value was 

reduced by increasing the temperature. Around T = 43ºC some fluctuations in electrical 

conductivity values were noticed. This was explained by a slight increase in viscosity due to 

the formation of a new phase. Probably, at this temperature (surfactant possess p = 1), the 

spontaneous curvature is null promoting the formation of a lamellar phase which was 

observed as slightly translucid, birefringent and slightly viscous solution. Finally, the system 

turned again transparent and fluid, giving rise to a single isotropic solution (microemulsion) 
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around 52°C with an increase of electrical conductivity (up to a value around 50% of the 

conductivity of the O/W microemulsion obtained at 25-35ºC). This means that an 

improvement of ion mobility occurred (Figure 46), which may be explained by the formation 

of a bicontinuous microemulsion possessing an average spontaneous curvature around zero. 

Up to 53ºC, the system remained transparent and fluid. The investigation was not carried out 

above 60ºC since solvent evaporation would occur. 

o Study of the microemulsion system containing Synperonic® 10/6/ Milli-Q water: 50/50 

and 43.5 wt% oil phase 

Another study was carried out by increasing the internal phase content up to 43.5 wt% and its 

electrical conductivity was also followed as a function of temperature in order to detect phase 

transitions.  As indicated in Figure 47, a transparent, fluid, and isotropic solution was formed 

from 34.3ºC up to 38.9ºC with an electrical conductivity around 52 �S/cm. This value was 

nearly half the electrical conductivity of the previous system containing 14 wt% of oil phase 

(hexane). It is important to stress that the global concentration of each component for the 

previous sample was Water / Synperonic® 10/6 / Hexane: 64.5 wt% / 21.5 wt% / 14 wt% 

whereas in the present sample, it was 28.5 wt% / 28.25 wt% / 43.5 wt%. Taking into account 

the surfactant concentration, the electrical conductivity should have been higher in the present 

sample than in the previous one since its surfactant concentration was higher. However, the 

ion mobility is an important parameter in electrical conductivity measurements and the last 

system contained less water, reducing the ion mobility, which may result in lower electrical 

conductivity values. Furthermore, a structural change in the system could have occurred by 

the increase in the internal phase content. Then, increasing the temperature from 39 to 44ºC, 

the system turned turbid due to the multiphase formation and the electrical conductivity 

decreased. After that, from 44 to 53ºC a slightly viscous, birefringent and transparent phase 

corresponding to lamellar liquid crystal phase and finally, another transparent isotropic 

solution was observed from 54.3ºC. The electrical conductivity value was in the same order as 

the transparent and isotropic (microemulsion) phase formed at low temperature which may 

mean that a bicontinuous microemulsion was formed at both temperature ranges. In terms of 

spontaneous curvature, this may be explained by a presence of bicontinuous microemulsion at 

low temperature (34-39ºC) possessing a null but slightly positive average spontaneous 

curvature, then by increasing the temperature a lamellar phase is formed with a null 

spontaneous curvature and very low conductivity, and finally, increasing the temperature 

(from 54ºC) another bicontinuous microemulsion is obtained but possessing a null but slightly 
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negative average spontaneous curvature. In order to clarify the structure of these two 

transparent and single isotropic (microemulsion) phases, DOSY 1H NMR experiments at 36ºC 

and 55ºC were performed and will be described in a subsequent section.   

 
Figure 47 : Electrical conductivity as a function of temperature for a system with Synperonic® 10/6 / 

Milli-Q Water ratio of 50/50 and 43.5wt% hexane – System 1. 

IV.2.1.2. Effect of addition of HCl(aq) 

The influence of incorporating HCl (0.6M aqueous solution) in the microemulsion system was 

investigated since a small amount of this acid was needed in order to avoid the immediate 

hydrolysis of the Zn(II)-2ethylhexanoate in presence of ethoxylated surfactant since this type 

of surfactant possess acid-basic properties. The same sample that of the previous section but 

containing HCl(aq) was studied by measuring the electrical conductivity as a function of 

temperature. The results are shown in Figure 48. 

 
Figure 48 : Electrical conductivity as a function of temperature for a system with synperonic® 10/6 

/(Water + HCl (0.8 M)) ratio of 50/50 and 43.5 wt% Hexane – System 2. 

The incorporation of ~ 3 wt% HCl(aq) in the system increased greatly the electrical 

conductivity value up to 2600 uS/cm whereas without HCl(aq), it was in the order of 50 �S/cm. 
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However, increasing the temperature, the general behaviour was very similar to that of the 

sample without HCl(aq). Indeed, a single isotropic solution (microemulsion) was observed 

from 34.0 ºC to 39.1 ºC and also from 54.9ºC separated by a multiphase lamellar liquid crystal 

phase. As a conclusion, the incorporation of HCl(aq) added in the microemulsion system did 

not change significantly the temperature range of microemulsion formation and possibly of 

microemulsion structure.  

IV.2.1.3. Effect of incorporation of organometallic precursor  

For preparing inorganic nanoparticles in the microemulsion system, it is necessary to dissolve 

organometallic precursors in the oil phase. Thus, the goal of this study was to compare the 

evolution of electrical conductivity with temperature for the system with and without 

organometallic precursor. 

 
Figure 49 : Electrical conductivity as a function of temperature for a system with synperonic® 10/6 / 

(Milli-Q Water and HCl (0.6M)) ratio of 50/50 and 43.5wt% (hexane + Zn-2EH) – System 3. 

The electrical conductivity measurements of the system containing the Zn(II)-2EH precursor 

dissolved in hexane and water with HCl(aq) as a function of temperature is illustrated in 

Figure 49. Incorporation of the organometallic precursor led to lower electrical conductivity 

then with only HCl(aq) which was not expected. However, it may be due to the partial 

screening effect of global charges in the system. Single isotropic solutions containing Zn(II)-

2EH were observed from 29 ºC to 34.3 ºC and from 49.5 ºC to 61.5 ºC. As a conclusion, since 

the formation of microemulsion occurred at lower temperature, the Zn-2EH organometallic 

precursor may possess an interfacial action at the oil-water interface. 
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IV.2.1.4. Effect of microemulsion dilution with water 

In addition, another parameter that was important to take into account in the use of these 

microemulsions for nanoparticle synthesis is the amount of water present in the precipitating 

agent solution which was added for synthesis. Figure 50 displays the changes of conductivity 

as a function of temperature of a system taking into account the slight water dilution occurring 

upon adding the reducing solution (needed for precipitation of ZnSe nanoparticles). However, 

only aqueous solution (with the reducing agent) was added in order to avoid the nanoparticle 

precipitation while measuring the electrical measurement of the system. It was noticed that 

this led to an increase of the range temperature of microemulsion (35.1-38.8 ºC and from 51.2 

ºC).  

 
Figure 50 : Electrical conductivity as a function of temperature for a system with Synperonic® 10/6 / 

(Milli-Q Water and HCl (0.8M)) ratio of 50/50 and 43.5 wt% (hexane + Zn(II)-2EH) after dilution with 1g 

of water – 20g of system was studied – System 4. 

The microemulsion dilution which occurred by the additional water in the same proportion as 

the reducing solution added in preparation of ZnSe nanoparticles led to a lower global 

surfactant concentration in the system; consequently the oil solubilisation was lower than 

before microemulsion dilution. Hence, higher energy (higher temperature) was needed to 

solubilise the total oil content in order to obtain a microemulsion. The increase of temperature 

will promote the dehydration of polar head of surfactant decreasing its hydrophilic property 

and increasing its affinity with oil. A summary of the temperature range of microemulsion for 

every system studied is collected in Table 5. 
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Table 5 : Summary of the temperature differences according to the systems prepared (S/W : 50 / 50  and 

43.5 wt% hexane) incorporating various components.

Samples TºC (single isotropic solution) 

System 1 34.3 – 38.9 

System 2 34.0 – 39.1 

System 3 29.0 – 34.3 

System 4 35.1 – 38.8 

 

In most cases, the electrical conductivity measurements are a useful tool to assess phase 

transitions. In our study, we tried to differentiate between discrete O/W microemulsion and 

bicontinuous microemulsion by measuring the electrical conductivity. Up to now the 

hypothesis made had to be confirmed by the DOSY 1H NMR. However, another study 

consisting of keeping constant the S/O weight ratio and varying the water content was 

performed in order to find out any change in microemulsion structure. 

IV.2.1.5. Evolution of the electrical conductivity at constant Surfactant / 

Oil weight ratio (S/O) 

Based on the phase diagrams presented in section IV.1, S/O weight ratio was kept constant at 

58/42 and various amounts of water were investigated in the microemulsion region. Table 6 

collects the final composition of the microemulsions containing 92 wt%, 77 wt%, 57 wt% and 

47 wt% water and keeping a constant S/O ratio of 58/42. The different points chosen: A, B, C 

and D are shown on the phase diagram (Figure 51).  

Table 6 : Composition of microemulsion systems used for the electrical conductivity measurements

 A B C D 

Water 92 77 57 47 

Synp10/6 4.64 13.34 24.94 30.74 

Hexane 3.36 9.66 18.06 22.26 
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Figure 51 : Phase diagram of Milli-Q Water / Synperonic 10/6 / Hexane highlighting four compositions : 

A, B, C and D. 

According to the microemulsion structure (O/W microemulsion and bicontinuous 

microemulsion), the electrical conductivity values were expected to be different since the 

water structure may be changing, from continuous (O/W microemulsions), to channel-like 

continuous (bicontinuous microemulsions). Hence, it should be lower for a bicontinuous 

microemulsion than for a discrete O/W microemulsion. Indeed, diluted microemulsion 

systems (with 92 wt% water content) will lead to O/W microemulsion with high electrical 

conductivity values. In constrast, concentrated systems (containing 47 wt% Milli-Q water) 

may suffer a transition to bicontinuous microemulsion and also obstruation of microemulsion 

droplets may decrease the electrical conductivity of the system.  
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Figure 52 : Electrical conductivity measurements of samples containing Synperonic® 10/6 / Hexane 

weight ratio: 58/42 and different water contents (92, 77, 57 and 47 wt%) called A, B, C and D as a function 

of temperature – with markers: microemulsion phase and without marker: multiphases.  

On one hand, increasing the surfactant content in the system from A to C (A[surfactant]< 

B[surfactant]< C[surfactant]) let to an increase of electrical conductivity between 25ºC and 

35ºC approximately. On the other hand, increasing the surfactant content to C, the electrical 

conductivity decreased, which may be explained by a change in microemulsion structure 

(Figure 52). By these experiments, it may be inferred that samples A, B and C are O/W 

microemulsions at 25-35ºC, whereas probably sample D is a bicontinuous microemulsion. 

This is illustrated more clearly in Figure 53, where the values of electrical conductivity at 

30.5ºC are represented as a function of water content. Up to 57 wt% water content, the 

electrical conductivity increases due to the increase of surfactant contents in the system since 

it shows in Figure 45 that it is mainly correlated to the surfactant content. With 47 wt% water 

content, the electrical conductivity started to decrease which may arise from a change of 

microemulsion structure, from O/W microemulsion to bicontinuous microemulsion. 
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Figure 53 : Electrical conductivity measurements of samples containing Synperonic® 10/6 / Hexane weight 

ratio: 42/58 as a function of water content (wt%) at 30.5ºC

IV.2.2. Characterization of microemulsion structure by Diffusion-Ordered 

SpectroscopY (DOSY) 1H NMR 

In order to identify the microemulsion structure of the sample with S/W ratio of 50/50 and 

43.5 wt% hexane at two temperatures (36ºC and 55ºC), DOSY 1H NMR experiment has 

performed. 
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IV.2.3. Characterization of microemulsion droplet size by Dynamic Light 

scattering 

In order to understand how the microemulsion characteristics would affect the properties of 

the nanoparticles, it was considered of interest to characterize the microemulsions by 

Dynamic Light Scattering and determine their hydrodynamic radius. 

IV.2.3.1. Influence of microemulsion dilution with water  

The microemulsions investigated at 30ºC by Dynamic Light Scattering are collected in Table 

7. The idea of this study was to measure the droplet size keeping constant the S/O weight ratio 

of 65/35 and to vary the water content.  

Table 7 : Microemulsions prepared keeping constant the O/S weight ratio to 65/35. 

Sample S/W weight 
ratio Hexane wt% Surfactant

wt% Water wt% 

10_O6 10/90 6 9.4 84.6 

15_O8 15/85 8 13.8 78.2 

20_O10 20/80 10 18 72 

25_O12 25/75 12 22 66 

 

 
Figure 56 : Evolution of hydrodynamic radius at 30ºC of the microemulsions without precursor at 

different water dilutions.  

The results are shown in Figure 56. Theorically, the oil droplet size should not change since 

the surfactant / oil phase weight ratio was kept constant. Experimentally, by diluting the O/W 
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microemulsion system with water, the hydrodynamic radius increased. Indeed, due to a lower 

droplet concentration (more space between droplets), in diluted microemulsions the oil 

droplets had a thicker hydration layer than those containing lower water content. A 

microemulsion system containing low surfactant content induces fewer oil droplets; the 

interactions between them are then reduced. The hydrodynamic radius (RH) of oil droplets is 

about 3-4.2 nm for microemulsion systems containing 66, 72, 78.2 and 84.6 wt% water 

content. It is relevant to note that at a lower water content (66 wt%), no auto-correlation 

function could be obtained. On one hand, decreasing the water content may induce a 

microemulsion structure change, from O/W microemulsion to percolated microemulsion 

(giving rise to elongated droplets up to bicontinuous oil and water domains). In the other 

hand, the change of viscosity and refraction index of the microemulsion media at lower water 

content could originate a deflection in the measurement. In addition, due to the high internal 

phase, the sample may present a multiple scattering corresponding to the limitation of the 

equipment.  

Moreover, in diluted microemulsions, dissolving Ce (III)-2EH precursor (6 wt%) in the oil 

drops led to a slight increase in the oil droplet size (Figure 57), probably due to the volume 

occupancy of the metallic precursor, and/or a slight change in curvature induced by its 

location at the interface. For less diluted microemulsions, no autocorrelation function could be 

obtained probably due to the same reasons as listed previously.  
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Figure 57 : Evolution of the hydrodynamic radius of the oil droplet with and without CeIII-2EH 

precursor as a function of two microemulsions with constant synperonic 10/6 / oil phase weight ratio of 

65/35 and 6wt% (10_O6), 8wt% (15_O8) oil phase (Hexane and Precursor CeIII-2EH+hexane) at 30ºC. 

IV.2.3.2. Influence of temperature  

Figure 58 shows the temperature dependence of hydrodynamic radius of the oil droplets. At 

low temperature (around room temperature, 25ºC), the most diluted systems (higher water 

content) possessed higher hydrodynamic radius than the more concentrated samples attributed 

to higher amount of water molecules moving with the oil droplets.  

 
Figure 58 : Hydrodynamic radius of the oily drops as a function of temperature for synperonic® 10/6 / oil 

phase: 58/42 and various water content  

At higher temperature (T= 30ºC), probably due to increase in Brownian motion, the droplet 

size difference between diluted and concentrated microemulsions was nearly similar and it 

was ~ 6 nm. This may also be caused by the dehydration of EO chains upon the increase in 
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temperature, which will translate into a less thick hydration layer, therefore a smaller 

hydrodynamic size.  

IV.2.4. Characterization of the optical properties of organometallic 

precursors in microemulsion system by UV- vis absorbance  

The inorganic precursors used in this study were in general highly coloured. Thus, 

incorporation of these precursors in the microemulsions led to a general change in the colour 

of the system. Hence, it was interesting to investigate the influence of the microemulsion 

media on the optical properties of the inorganic precursors. The microemulsions composed of 

12 wt% internal phase and Synperonic® 10/6 / Water weight ratio of 25/75, with and without 

metallic precursors (Fe-2EH, Mn-2EH and Zn-2EH) at 25ºC were characterized by UV-

visible spectrometry. The results are shown in Figure 59. 

Fe-2EH precursor is intense brown whereas Mn-2EH is dark purple and Zn-2EH is colourless. 

The optical properties of the metallic precursors dissolved in hexane changed when dissolved 

in the microemulsion media. The microemulsion was transparent but with intense brown color 

mainly due to the incorporation of Fe-2EH precursor. As a conclusion, microemulsion media 

was able to affect the optical properties of the precursors upon their incorporation into the 

system. 
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Figure 59 : UV-visible spectra of a) microemulsions composed of Milli-Q Water / Synperonic® 10/6 weight 

ratio of 25/75 and 12 wt% hexane with and without metallic precursor (Fe-EH, Mn-EH, Zn-EH) at 25ºC 

and b) metallic precursors dissolved in hexane at 25ºC. 

IV.3. Preparation of inorganic nanoparticles in microemulsion media 

The various types of inorganic nanoparticles prepared in O/W microemulsion reaction method 

were selected on the basis of their specific characteristics for several potential applications. 

Oxide nanoparticles containing Cerium, Copper and Zinc were prepared for their interest in 

catalysis. In addition, CuO and CeO2 nanoparticles were also prepared as reference materials 

in order to compare properly the characteristics of the obtained materials. Semi-conductors 

such as Zinc oxide, Zinc peroxide and Zinc Selenide were synthetized and their specific 

characteristics such as fluorescent, electrical and photocatalytic properties were assessed. 

Finally, magnetic Mn-Zn ferrites nanoparticles with potential applications in fields such as 

biomedicine and thermoelectrics were prepared and their magnetic properties were assessed. 

Formation and stability of nanoparticle dispersions were also studied in order to assess their 

potential application in the biomedicine field. 
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IV.3.1. Nanoparticles for catalytic application 

IV.3.1.1. Synthesis and characterization of nanoparticles containing 

Copper and Cerium  

The Water / Synperonic® 91/5 / Isooctane microemulsion system was employed for the 

synthesis of these types of inorganic nanoparticles, except for the nanoparticles that were 

evaluated in the WGS reaction catalysis, which were prepared with the system Water / 

Synperonic® 10/6 / Hexane. In both cases, the surfactant / water (S/W) weight ratio was kept 

constant at 25 / 75 whilst the internal phase (organometallic precursors dissolved in n-hexane 

or isooctane) was 14 wt% as described in Section III.3.3. The temperature for microemulsion 

formation had to be adjusted according to the Cu/Ce molar ratios. The visual aspect of the 

microemulsion during the synthesis of Cu/Ce mixed oxide nanoparticles is shown in Figure 

60. In case of formation of mixed Cu/Ce oxide nanoparticles, its chemical formula will be 

given as “CuxCe1-xO2-�
” whereas formation of mixture of Cu/Ce oxides will be designated as 

“Cu/Ce molar ratio: x/y”.  

 

Figure 60 : Synthesis of Cu/Ce mixed oxide nanoparticles in an Oil-in-Water microemulsion with S/W 

ratio of 25 / 75 and 14 wt% oil phase (hydrocarbon+ precursors) 

Nanoparticles were characterized by electron microscopy using SEM in order to determine 

their textural properties and TEM to characterize their shape and size. The SEM results 

concerning textural properties as a function of Cu/Ce molar ratio are shown in Figure 61-62. 

Textural properties of samples containing low Cu/Ce molar ratio are presented in Figure 61 

whereas those with high Cu/Ce molar ratio are displayed in Figure 62. Due to the low 

conductivity properties of the prepared nanomaterials, SEM micrographs with high resolution 

could not be obtained. Nanoparticles were strongly agglomerated (which may occur during 

the drying process), state more energetically favorable due to the small nanoparticle size. It 
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was detected that all nanoparticles prepared with Cu/Ce molar ratio from 5/95 to 30/70 were 

homogeneous nanostructured, globular and porous materials (Figure 61). However, the 

increase of Cu content up to Cu/Ce molar ratio of 35/65 to 50/50 promoted two types of 

nanoparticles possessing different shapes (Figure 62). Indeed, some elongated nanostructured 

particles as needle-like shape (Figure 62c, e) and smaller globular particles were detected 

(Figure 62d). The nano-needles were well distributed among the globular nanoparticles as it 

was observed in Figure 62e. The CuO sample was also analyzed (Figure 62g, h) and nano-

needle shape nanoparticles self-assembled into flower-like superstructures were detected. 

Therefore, the samples prepared at a Cu/Ce molar ratio from 35/65 to 50/50 presented two 

different types of particles, which suggest the formation of excess CuO. In order to identify 

the chemical element distribution associated to each nanoparticle type, EDX analyses were 

carried out. Figure 63-64 show the detection of Cerium, Copper, Oxygen and Aluminum 

elements in every sample (mixed Cu/Ce oxides and mixtures of Cu/Ce oxides). The presence 

of Aluminum element was due to the support used during the analysis. The atomic 

percentages (atomic %) of each element could be estimated by the EDX analysis and are 

collected in Table 8. At low Cu concentration, the theorical and experimental Cu atomic % 

values were in good agreement. 

The deviations may be due to the semi-quantitative character of the EDX technique. For a 

better estimation of atomic percentages, a reference pattern possessing a similar structure and 

composition could be used (Hanke 2010). However, at high Cu/Ce molar weight, the 

difference of Cu atomic% was very different. This may be explained by the presence of a 

second phase which may correspond to CuO phase. Hence, the partition of Cu in the sample 

would not be properly distributed. In order to find out the chemical element partition, TEM-

EDX mapping of the sample containing Cu/Ce molar ratio: 35/65 was carried out and the 

results are displayed in Figure 65. 
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CeO2 

  

Cu0.05Ce0.95O2-� 

  

Cu0.10Ce0.90O2-� 

  

Cu0.20Ce0.80O2-� 

  

Cu0.30Ce0.70O2-� 

  
Figure 61 : SEM micrographs of CuxCe1-xO2-� nanomaterials 
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Cu/Ce molar 
ratio : 
35/65 

  

40/60 

  

50/50 

  

CuO 

  
Figure 62 : SEM micrographs of mixtures of Cu/Ce oxides as a function of Cu/Ce molar ratios  

It was clearly detected that the main phase was composed of Cu, Ce and O with a 

homogeneous distribution in the sample; thus, Cu/Ce mixed oxide nanoparticles was the main 

phase. On the other hand, specific distributions of Cu and O were also observed, 

corresponding to elongated shape particles which were thus identified as copper oxide phase.  
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Table 8 : EDX analysis of the obtained nanoparticles (from SEM analysis) 

 

 

 

 

 

 

 

 

 

 

High Resolution Transmission Electron Microscopy (HRTEM) was also used in order to 

estimate the shape, size and crystallinity of the obtained nanoparticles (Figure 66 and 67) The 

agglomerates were nanostructured with a globular or irregular shape; the nanoparticles 

forming the agglomerates were globular with a diameter around 3 nm and only one 

homogeneous phase was detected for CuxCe1-xO2-� nanoparticles (x	0.3, Figure 66). In 

contrast, at higher Cu/Ce molar ratio, two types of phases with different shape were observed 

(Figure 67). Indeed, the presence of some elongated particles with nano-needle shape and ~ 

10 nm of cross section diameter was detected (Figure 67). Compared with the micrographs 

obtained for pure copper oxide with a mean diameter more than 15 nm (Figure 67), it was 

assumed that the elongated nanoparticles correspond to copper oxide phase. In addition, 

Cu/Ce mixed oxide nanoparticles were observed as agglomerated globular nanoparticles with 

a diameter of about 2-3 nm. Thus, the doping of CeO2 with Cu resulting in a single phase of 

Cu/Ce mixed oxide (CuxCe1-xO2-�) was possible up to a Cu/Ce molar ratio of 30/70. By 

increasing the Cu/Ce molar ratio from 35/65 to 50/50, some excess of CuO phase was 

detected and it appeared more abundant with the increase of Cu/Ce molar ratio. However, 

Cu/Ce mixed oxide phase remained the main phase and CuO the minor phase. 

 

 

 

 

Sample 
Cu/Ce 

molar ratio 

EDX atomic% 

Cu Ce O (Cu/(Cu+Ce))*100 

1 0/100 0 16.06 83.94 - 

2 5/95 1.02 18.59 80.39 5.20 

3 10/90 2.36 9.45 88.19 19.98 

4 20/80 5.82 15.75 78.43 26.98 

5 30/70 6.63 11.50 81.87 36.56 

6 35/65 13.44 14.45 64.01 48.19 

7 40/60 20.79 10.90 68.30 65.60 

8 50/50 9.90 9.59 80.51 50.79 
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CeO2 

  

Cu0.05Ce0.95O2-� 

  

Cu0.10Ce0.90O2-� 

  

Cu0.20Ce0.80O2-� 

  

Cu0.30Ce0.70O2-� 

  

Figure 66 : TEM micrographs of CeO2 and CuxCe1-xO2-� nanoparticles 
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Cu/Ce molar 
ratio: 35/65 

  

40/60 

  

50/50 

 

CuO 

  
Figure 67 : TEM micrographs of Cu/Ce oxide as a function of Cu/Ce molar ratios and CuO nanoparticles 

Crystallinity of each sample as a function of the doping of CeO2 with Copper was assessed 

from the selected area electron diffraction (SAED) patterns corresponding to TEM 

micrographs (Figure 68). At low Cu/Ce molar ratio, diffused concentric rings were obtained 

for all samples (Figure 68a-e). This means that the samples were polycrystalline and 

randomly organized. However, the doping of CeO2 with high amount of Copper led to more 

diffused rings and in some zones and intense spots in others zones (Figure 68f-j), which may 

be explained respectively by the reduction of crystal size and by the presence of excess CuO 

crystal phase possessing a bigger crystal size than the Cu/Ce mixed oxide nanoparticles. The 

SAED pattern of CuO nanoparticles was also determined (Figure 68j-k) in order to compare 



IV.RESULTS AND DISCUSSION ___________________________________  

118 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

the results with those of the other synthesized samples. It was concluded that the intense spots 

could be related to the presence of excess CuO phase in some samples (Figure 68f-i). 

X-Ray diffraction was used in order to complete the crystallographic characterization of the 

nanostructured materials, XRD patterns of all samples are presented in Figure 69. 

a b c d

e f hg

i j k

 
Figure 68 : Electron diffraction patterns of the nanoparticles a) CeO2 b) Cu0.05Ce0.95O2-� c) Cu0.10Ce0.90O2-� 

d) Cu0.20Ce0.80O2-� e) Cu0.30Ce0.70O2-�. Sample with Cu/Ce molar ratio: f) 35/65, g) 40/60 : CuxCex-1O2-� 

phase, h) 40/60 : CuO phase, i) 50/50 : CuxCex-1O2-� phase, j) 50/50 : CuO phase, k) CuO 

At low Cu/Ce molar ratio, the crystal structure of mixed Cu/Ce oxide nanoparticles (CuxCe1-

xO2-�) was identified by XRD. Indeed, the characteristic reflections of the fluorite-type cubic 

ceria (CeO2) phase (with face-centered cubic or FCC structure) were detected as shown 

Figure 69. However, the presence of two other reflections was distinguished for samples with 

Cu/Ce molar ratio to 35/65 and above it. Comparing the latter XRD pattern with the CuO 

phase (Figure 70), these two reflections were identified as CuO with monoclinic structure and 

allowed to conclude that a mixture of oxides was obtained above a Cu/Ce molar ratio: 35/65 

with a main phase of Cu/Ce mixed oxide and an excess of CuO phase.  



 __________________________________  IV. RESULTS AND DISCUSSION 
 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications  119 
 

� �

� �

� �

�CuO�(monoclinic)

Figure 69 : XRD patterns of the nanomaterials as a function of Cu/Ce molar ratio. 

In order to assess quantitatively the percentage of Cu incorporated into CeO2 lattice, a 

Rietveld refinement (Rietveld 1967) was performed on the XRD pattern of the sample with 

Cu/Ce molar ratio 50/50. It was found that this sample contained 20 wt% of copper oxide 

crystal phase. Therefore, if the rest (80 wt%) was only pure CeO2, it would correspond to a 

Cu/Ce molar ratio of 35/65. However, this molar ratio did not fit with the initial composition 

of Cu/Ce molar ratio (50/50) used for this sample. This allowed to conclude that the other 

phase was Cu/Ce mixed oxide where copper oxide is in the sublattice region of the CeO2 

lattice and/or finely dispersed as copper oxide clusters on the surface of ceria (Avgouropoulos 

2003). In addition, as shown in Table 9, the position of 2� for the main peak was shifted from 

28.71º (CeO2) to 29.35º (Cu/Ce molar ratio 35/65), which supports the hypothesis of the 

incorporation of Cu into the CeO2 FCC lattice, since a shift of 2� to larger values is an 

indication of smaller characteristic lattice dimensions, which is in agreement with the smaller 

size of Cu2+ as compared to Ce3+ or Ce4+ ions. 
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Figure 70 : XRD pattern of a) nanoparticles prepared at a Cu/Ce molar ratio of 50/50 b) copper oxide 

(CuO) nanoparticles 

After identifying the nature of the crystal phases of these different samples, the crystallite size 

(dXRD) was estimated by using the Debye-Scherrer equation as a function of Cu/Ce molar 

ratio. The dXRD and the corresponding 2� for all samples are collected in Table 9. The 

increase of Cu/Ce molar ratio led to a decrease of crystallite size indicating that the Cu atoms 

incorporated into CeO2 inhibited the crystal growth of ceria (from around 3 nm to 2 nm). Cell 

parameter of pure FCC CeO2 is 0.54116 nm. The ionic radius of Cu2+ (0.072 nm) is smaller 

than Ce4+ (0.097 nm) and Ce3+ (0.1143 nm), thus, an increasing amount of Cu into the CeO2 

lattice led to a reduction of its cell size (Luo 2007), which is in agreement with the dXRD 

values obtained in this study. 

Table 9 : Crystallite size calculated by Debye-Scherrer´s equation as a function of Cu incorporated in the 

Cu/Ce mixed oxide 

Sample 

Cu/Ce molar ratio 

Crystallite Size 

(dXRD in nm) 
2� (º) 

CeO2 3.1 28.71 

Cu/Ce 5/95 2.9 28.73 

Cu/Ce 10/90 2.5 28.88 

Cu/Ce 20/80 2.4 28.93 

Cu/Ce 30/70 2.1 29.12 

Cu/Ce 35/65 1.8 29.35 

Cu/Ce 40/60 2.1 Not calculated but aprox. 29.3 

Cu/Ce 50/50 2.1 Not calculated but aprox. 29.3 

CuO 15.95 38.82 

(b) 

(a)

CuO 
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Thermogravimetric analysis of the obtained nanoparticles was performed in order to quantify 

any organic impurities left after the precipitation reaction in the O/W microemulsion media. 

The loss of weight in % as a function of temperature is plotted in Figure 71. The samples lost 

~ 10 % of weight which corresponds to the physical dehydration of the sample at around 

100ºC. Another loss of weight (~ 10 wt%) was detected between 200-600ºC that may match 

with the decomposition of residual surfactant used in the microemulsion system.  
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Figure 71 : Thermogravimetric analysis of the obtained nanoparticles dried at 70ºC 

The magnetic properties of the dried CeO2 and Cu/Ce mixed oxide nanoparticles at 5K (-

268.15ºC) were assessed in order to find out the influence of incorporation of Cu into the 

lattice of CeO2. It has been reported recently that certain transition metal-doped rare earth 

oxides such as CeO2 led to room temperature ferromagnetism (Thurber 2007; Sharma 2009). 

In addition, it has been found that at high temperature, Cobalt incorporated into the CeO2 
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lattice resulted in high temperature ferromagnetism (Tiwari. 2006). Ferromagnetic behavior 

was also reported in Ni- and Fe-doped CeO2 (Thurber et al. 2007; Sharma et al. 2009). A 

significant debate exists about whether the observed properties are an intrinsic property of the 

material or an extrinsic property due to the preparation method, presence of impurities and so 

on. This controversy remains intense since all the materials prepared as transition metal-doped 

CeO2 are magnetic even though a very small amount of the dopant is used (Tiwari 2006; 

Thurber et al. 2007; Sharma et al. 2009). Consequently, it was interesting to evaluate the 

magnetic properties of the Cu/Ce mixed oxide nanoparticles knowing that Cu is non-

magnetic. 

The magnetic properties of dried CeO2 nanoparticles at 5K and 300K (26.85ºC) were 

measured and plotted in the inset of Figure 72. As observed, at 300K, the magnetic response 

is nearly null upon applying a magnetic field up to 5 kG whereas at 5K, certain magnetic 

response was noticed. This magnetic behavior may be explained by the surface defects of 

CeO2 nanoparticles. A comparison of the magnetic properties of various Cu/Ce mixed oxides 

was also carried out at the same temperature (5K) (Figure 72). 
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Figure 72 : Magnetization as a function of the magnetic field at 5K of NPs (CeO2, Cu0.05Ce0.95O2-� 

(CuCe5_95), Cu0.10Ce0.90O2-� (CuCe_1090), Cu0.20Ce0.80O2-� (CuCe_2080) - inset: Magnetization as a 

function of the magnetic field of CeO2 nanoparticles at 5K and 300K. 

 

By doping CeO2 lattice with non-magnetic Cu atoms, it is clearly observed in Figure 72 that 

the magnetization response is greatly enhanced. The higher the amount of Cu into the CeO2 

lattice, the higher the magnetization response. Indeed, for pure CeO2 the maximum 

magnetization response at H= 5kG is ~ 0.25 emu/g whereas for Cu0.20Ce0.80O2-�, the maximum 

magnetization response is ~ 2.1 emu/g. It should be noted that by applying a magnetic field up 
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to 5 kG the magnetization saturation was not achieved which means that all the spins were not 

aligned yet at lower magnetic fields. As a consequence, using an applied magnetic field more 

powerful (>5kG), a greater magnetic response of the Cu/Ce mixed oxide nanoparticles could 

be obtained. Therefore, by doping CeO2 lattice with Cu, the magnetic properties could be 

tuned from diamagnetic to paramagnetic behavior since no hysteresis could be detected. It is 

interesting to note that Slusser et al. (Slusser 2010) found unexpected ferromagnetic behavior 

in Cu-doped CeO2 films prepared by a pulse laser deposition technique at room temperature. 

This magnetic behavior could not be detected for the same materials prepared in Oil-in-Water 

microemulsion method. This difference in magnetic behavior may be related to the NP size 

difference or cation partition in the sample (Cu2+/Cu+). Indeed, in our study the nanoparticle 

size was ~ 2 nm whereas in Slusser´s study no size detail was given. However, based on the 

resolution of XRD reflections, it can be clearly concluded that they obtained much larger 

nanoparticles. Therefore, nanoparticles with bigger size should be prepared in order to obtain 

a material with similar magnetic properties to those reported by Slusser which is interesting 

for potential applications in spintronic devices. This could be achieved by varying the present 

microemulsion composition, either by increasing the oil phase concentration or the 

surfactant/Milli-Q water weight ratio, or increasing the concentration of precursor. Moreover, 

the increase of the crystal size can be also achieved by calcination. With this motivation, 

Cu/Ce mixed oxide NPs were calcined at 400ºC for 2 hours and then, their magnetic 

properties were measured. Magnetization of Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-�  with and 

without calcination as a function of the magnetic field at 5K is shown in Figure 73. Contrary 

to what it was expected, calcination resulted in a decrease of saturation magnetization (H= 

5kG). This may be explained by a transformation or segregation phase leading to a difference 

of cation distribution in the sample (Cu2+/ Cu+) at high temperature. It should be noted that 

Cu2+ ions possess an electronic configuration of 3d9 with one unpaired electron, which can 

give rise to a spin angular momentum of ½ and it can promote a magnetically active Cu2+ 

state. In contrast, Cu+ state outer electronic shell contains ten electrons and consequently it 

does not possess any magnetic moment. As a conclusion, a difference of Cu2+/Cu+ distribution 

in the sample produced during the calcination may explain the different magnetic response. 

Other explanation may be the reduction of surface defects upon calcination. 
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Figure 73 : Magnetization as a function of the magnetic field at 5K of the obtained nanoparticles : 

Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-�  dried at 70ºC and calcined at 400ºC respectively (CE19, CE19_C400, 

CE28 and CE28_C400)  

Consequently, H2-programmed temperature treatment of the nanomaterials calcined at 400ºC 

was carried out in order to determine the affinity of the materials with H2 gas and to deduce if 

two types of Cu are present in the nanoparticles. Hence, H2-Temperature Programmed 

Reduction (H2-TPR) and H2-Temperature Programmed Desorption (H2-TPD) were carried 

out. It has been reported that CeO2 promotes the reduction of finely dispersed CuO surface 

species by hydrogen (Li et al. 2000, Kundakovic et al. 1998, Luo et al. 1997, Xiaoyuan et al. 

2001, Bera et al. 2002, Wang et al. 2002) and the smaller the CuO particles, the easier they 

are to reduce (Zhang 2002). Strong metal oxide–support interactions between CuO and CeO2 

are believed to lead to a decrease of their individual reduction temperatures (Zimmer et al. 

2002; Patel 2007). Figure 74 displays results of the H2-TPR of both samples and two peaks 

were obtained (
 and �) at low temperatures (~ 190ºC - 220ºC  for Cu0.10Ce0.90O2-�  and ~ 

200ºC - 230ºC for Cu0.20Ce0.80O2-�) which means that two types of H2 consumption occurred. 

Possible explanations could be either the existence of two types of Cu species existed in the 

sample (Cu2+ and Cu+), or more likely two different accessibility of Cu(II) occured: peak 
 

may correspond to the reduction of copper oxide clusters (Kundakovic 1998; Liu 1996 and 

1997) strongly interacting with ceria and peak � for the reduction of larger CuO (but smaller 

than bulk CuO) which is less associated to ceria as reported by Liu (Liu 2004). 
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Figure 74 : H2-Temperature Programmed Reduction of a) Cu0.10Ce0.90O2-� and b) Cu0.20Ce0.80O2-�  

nanoparticles calcined at 400ºC 

As a conclusion, although it could not be confirmed that the samples possessed two types of 

Cu specie (Cu2+ / Cu+), H2-TPR results suggest that two types of CuO strongly and weakly 

associated to ceria are present. In addition, H2-TPD was performed and the results are 

exposed in Figure 75. Irrespective of the Cu/Ce molar ratio, the maximum desorption 

occurred at ~ 150ºC and they produced the same H2- desorption profile. This experiment was 

of interest since in Water Gas Shift reaction, the production of H2 occurs in the presence of 

Cu/Ce mixed oxide as catalyst. As a consequence, H2-TPD was relevant to assess any 

interaction of the catalysts with H2. Due to high Cu concentration possessing active sites 

where H2 can be adsorbed, H2 desorption may be higher for a catalyst containing higher Cu 

amount. However, in this study the same H2 desorption rate was observed for both catalysts. 

This meant that some H2 was trapped in the catalyst, maybe by diffusion due to its high 

interactions with CeO2 lattice since Ce(IV) may react with H2 to produce Ce(III) specie (CeO2 

+ H2 � Ce2O3 + H2O) as reported by Sohlberg in 2001 (Sohlberg et al. 2001). 

Interestingly these Cu/Ce mixed oxide nanoparticles with a narrow size distribution prepared 

in the o/w microemulsion media exhibited a high BET specific surface area (Table 10) which 

is a relevant property for potential applications such as catalysis, especially in the Water Gas 

Shift (WGS) reaction. In addition, the small nanoparticle size and low polydispersity should 

promote a good reproducibility and efficiency in the catalysis reaction. Ceria-based WGS 

catalysts have received a high interest for their application in fuel cells due to the high oxygen 

storage capacity of ceria, associated with its rich oxygen vacancies, the character of stronger 

interaction with active metal and fast easier change between Ce3+ and Ce4+(Powell 1988; 

Kaspar 1999; Si et al. 2004). 

� 

�
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Figure 75 : H2-Temperature Programmed Desorption of Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� nanoparticles 

calcined at 400ºC. 

The Water Gas shift reaction test was performed at 400ºC so that Cu/Ce mixed oxide NPs 

were pretreated at 400ºC before starting the test in order to ensure that the catalyst was stable 

during the catalytic test and no phase transformation occurred. The calcined Cu/Ce mixed 

oxide NPs were characterized by BET, XRD and HRTEM in order to understand the results 

of catalytic properties and related them to their physical chemical properties.  

Cu0.10Ce0.90O2-� 

 

 

 

Cu0.20Ce0.80O2-� 

 

 

 
 

Figure 76 : HRTEM micrographs and their corresponding SAED of the nanomaterials calcined at 400ºC. 

After calcination, Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� nanoparticles were slightly larger, in 

the order of ~ 5-6 nm (Table 10). In addition, the lattice planes could be more easily detected 

by HRTEM which showed that Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� nanoparticles calcined at 

400ºC improved their crystallinity. SAED of both samples are presented and concentric rings 

were detected as shown in Figure 76. However, for Cu0.10Ce0.90O2-� the rings were more 

intense meaning that the material was more crystalline than Cu0.20Ce0.80O2-�.  
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The crystalline properties were also assessed by powder XRD. Figure 77 shows the XRD 

diffractograms of the calcined materials. The characteristic reflections of the fluorite-type 

cubic crystal structure were observed for both calcined materials except that their reflections 

were much more defined than before calcination (Figure 69). This observation can be 

explained by the increase of crystal size as confirmed in TEM (Figure 76). 

 
Figure 77 : XRD pattern of nanomaterials calcined at 400ºC. 

The crystallite size of the materials (dXRD) was approximated by the Debye-Scherrer formula 

and values of ~ 6.3 and 4.8 nm were obtained for Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-�, 

respectively.Therefore, it can be concluded that a higher amount of Cu in the CeO2 lattice can 

hinder crystallite growth which is normally observed upon calcination. All values are 

collected in Table 10 where nanoparticle properties before and after calcination can be 

compared. The calculated dXRD are in agreement with those from dTEM. The shape and size 

were thus successfully determined.  

Nitrogen adsorption-desorption isotherms were carried out in order to investigate the textural 

properties of these samples. Figure 78 shows that isotherms similar to Type II were obtained 

for all samples, which are generally related to non-porous materials. However, it should be 

noted that at relative pressure equal zero, the volume adsorbed is not null (as it should be for 

the typical isotherm type II) which can be also related to the presence of micropores. The 

inflection point or knee of the isotherm is called point B. This point indicates the stage at 

which monolayer coverage is complete and multilayer adsorption begins to occur. 

Furthermore, a slight hysteresis could be detected in the range of (P/P0) corresponding to 

mesoporous material. In addition, BET specific areas of these materials were calculated and 

they are summarized in Table 10. 

Cu0.20Ce0.80O2-�
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Figure 78 : 

Nitrogen adsorption-desorption isotherms of the obtained nanomaterials 

 
Table 10 : Summary of the characteristics of Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� NPs without and with 

calcination at 400ºC  

 

 

 

 

 

 

 

 

 

  

 Before calcination After calcination 

dTEM (nm) dXRD (nm) SBET (m2/g) dTEM (nm) dXRD (nm) SBET (m2/g) 

Cu0.10Ce0.90O2-� 2.1 2.15 188.6 6.0 6.3 91.2 

Cu0.20Ce0.80O2-� 2.0 2.00 236.2 5.0 4.8 97.4 

B 
B 

B 
B 

Cu0.10Ce0.90O2-� Cu0.10Ce0.90O2-� 
calcined at 400ºC 

Cu0.20Ce0.80O2-� Cu0.20Ce0.80O2-� 
calcined at 400ºC 
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Figure 79 : Pore size distribution from BJH desorption data of the obtained nanomaterials. 

Figure 79 illustrates the pore size distributions from BJH desorption analysis for 

Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� with and without calcination at 400ºC. The main pore 

sizes for these samples were about 2.4 nm, similar to nanoparticle size which may correspond 

to the space between nanoparticles; and 105 nm similar to the nanoparticle agglomerate size 

which may represent the space between agglomerates. Moreover, the BET surface area is high 

(188.6 and 236.2 m2/g for Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-�  respectively) before 

calcination and decreases by half after calcination (91.2 and 97.4 m2/g), due to the increase in 

crystallite size induced by thermal treatment (Table 10). 

The nanoparticle surfaces were also characterized by IR spectroscopy and the results are 

displayed in Figure 80. 

Cu0.10Ce0.90O2-� Cu0.10Ce0.90O2-� 
calcined at 400ºC 

Cu0.20Ce0.80O2-� 
Cu0.20Ce0.80O2-� 

calcined at 400ºC 



 __________________________________  IV. RESULTS AND DISCUSSION 
 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications  131 
 

 
Figure 80 : IR spectroscopy of Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-� with and without calcination at 400ºC 

Before calcination for both samples Cu0.10Ce0.90O2-� and Cu0.20Ce0.80O2-�, the O-H stretching 

band at 3300 cm-1 and the H-O-H bending band at around 1500cm-1 were observed resulting 

from physical adsorption of H2O molecules on the NP surface. However, after calcination, 

these two bands were not detected anymore due to dehydration of NP surface. The Cu/Ce 

mixed oxide nanoparticles were fully characterized at 400ºC and due to their interesting 

surface and textural properties, they could be applied as catalysts in the Water Gas Shift 

reaction.  

IV.3.1.2. Synthesis and characterization of nanoparticles containing 
Copper and Zinc 

The materials containing Copper and Zinc prepared by the reverse Water-in-Oil (W/O) 

microemulsion reaction method has been reported by J. Agrell et al. in 2001 (Agrell 2001). 

They showed that these metarials were active catalysts in spite of a low BET surface area. It 

was considered of interest to compare the properties of nanoparticles obtained by our method 

based on the use of one O/W microemulsion as reaction media (Figure 81) with those 

obtained by Agrell et al. using the reverse w/o microemulsion reaction method.  

 

 

 

 

 

 

 

 



IV.RESULTS AND DISCUSSION ___________________________________  

132 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

 
Figure 81 : Synthesis of Cu/Zn oxide nanoparticles in Oil-in-Water microemulsion with S/W ratio of 25 / 

75 and 14 wt% oil phase (hexane+ precursors) 

Nanoparticles with two different Cu/Zn molar ratios (10/90and 20/80) were prepared by the 

Oil-in-Water microemulsion reaction method using the same microemulsion compositions as 

previously described for Cu/Ce (S/W ratio: 25/75 and 14 wt% oil phase). The objective was to 

find out either the formation of mixed oxide as in the previous study, or if the formation of a 

mixture of two oxides takes place. 

The as-obtained nanoparticles were characterized by SEM and the most interesting 

micrographs of Cu/Zn oxides at different magnifications are collected in Figure 82. 
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Cu/Zn molar 
ratio:10/90 

  

  

20/80 

  
 
Figure 82 : SEM micrograph of the obtained Cu/Zn oxide nanoparticles with different Cu/Zn molar ratio 

Both samples possess homogeneous aspect in general. Cu/Zn oxides formed regular 

agglomerates of nanorods or nanocones with preferential axis growth assembled into 

nanoflowers in the order of 300-400nm (Figure 82a). In addition, increasing the 

magnification (Figure 82b), it is possible to observe that the structure of the nanoflower’s 

petals is not smooth but rather it forms oriented striations or ridges; according to the literature, 

such striation may indicate phase separation within the nanostructure, the so-called 

composition modulation (Estrin et al. 2009, Bhattacharyya et al. 2009) 

In addition to the nanoflowers, some elongated nanostructures, also with striations were 

observed in the background of the micrograph (Figure 82c,d, indicated by the red arrows). 

Increasing the Cu/Zn molar ratio to 20/80, the agglomerate structure ~ 150 nm was less 

defined and smaller (~ 150 nm) (Figure 82e,f) than in the previous sample (Figure 82c,d) 

although in general the nanoflower structure seemed to remain; the lower definition in SEM 

analysis is due to the fact that at higher Cu content the sample becomes more resistive, 

therefore resolution is lost. In any case due to size difference it can be assumed that a slight 

inhibition of the ZnO preferential growth is produced by presence of higher amount of 

Copper. EXD analysis was carried out to identify the chemical composition of the samples in 

a) b) 

c) d) 

e) f) 
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Figure 85 : XRD pattern of nanoparticles dried at 70ºC - a) nanoparticles with Cu/Zn molar ratio: a) 

10/90 (Cu0.10Zn0.90) and b) 20/80 (Cu0.20Zn0.80) 

Thus, using the same microemulsion compositions with Cu precursor but with different 

second precursor (Zn or Ce 2-EH), either mixed oxide nanoparticles (mixed Cu/Ce oxide) or a 

mixture of metal oxide/hydroxide (Cu hydroxide and Zn oxide) can be obtained. In the case of 

Cu/Ce mixed oxide, it is well known that CeO2 with cubic fluorite structure is able to 

incorporate dopants and vacancies whilst keeping its FCC crystalline structure. In contrast, 

the mismatch between orthorhombic structure of Cu(OH)2 and hexagonal structure of ZnO, 

and the hydroxide nature of Cu compound and oxide nature of Zn compound, were probably 

the reasons why a mixed oxide could not be obtained in the case of Cu/Zn oxides. In the 

literature, such behavior of phase segregation between Zn and Cu oxide/hydroxide is usually 

encountered even in the cases when CuO is obtained instead of Cu(OH)2 and to the best of our 

knowledge there are no reports on Cu/Zn mixed oxide with single crystalline phase formation. 

The dXRD was estimated by the Debye-Scherrer equation but the crystal size for each oxide 

was largely over-estimated (between 14 nm and 32 nm), probably due to the presence of 

preferential nanoparticle growth as observed in SEM (Figure 82) and TEM micrographs 

(Figure 84). Therefore, in these conditions the Scherrer- Debye equation could not be applied 

properly. However, the trend of dXRD decreases after calcination is indicative. The preferential 

growth as observed in Figure 84a) may explain by a hexagonal crystal phase structure 

possessing a preferential c-axis growth (Wang 2004).  

Monoclinic CuO flower-like nanostructures are obtained in o/w microemulsion when 

precipitated at pH=12 (as observed in Figure 62 and Figure 67). These reaction conditions 

are very similar as the ones used in the synthesis of the mixture of Cu(OH)2/ZnO that was just 

discussed. It is evident that some type of chemical stabilization of Cu(OH)2 is occurring when 

Cu(OH)2
ZnO
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Figure 87 : Visual aspect of the microemulsion system with a Cu/Zn molar ratio of 50/50 before and after 

synthesis of Cu(OH)2 / ZnO nanoparticles  

The obtained nanoparticles were dried at room temperature and characterized by XRD in 

order to identify their crystal phase structure (Figure 88). Hexagonal crystal structure was 

obtained for ZnO nanoparticles with a crystallite distance of 23.6 nm. In addition, 

orthorhombic crystal structure with a crystallite size of 7 nm was detected for Cu(OH)2 

nanoparticles. These results were in agreements with the TEM study (Figure 89), where two 

types of nanoparticles were identified. The interplanar distances could be correlated to the 

reflection angles obtained from XRD in order to identify the crystal phase. In XRD pattern, 

for 2� = 16.72º (corresponding to (hkl)=(020)) the orthorhombic crystal structure of Cu(OH)2 

is attributed and matched with the crystallite distance (d-cryst) of 7 nm whereas for 2� =31.7º 

(corresponding to (hkl)=(100)) the hexagonal crystal structure of ZnO is attributed and 

matched with the crystallite distance (d-cryst) of 23.6 nm. Hence, by TEM, elongated 

nanoparticles may correspond to ZnO nanoparticles with a diameter of ~10 nm and ~40 nm of 

length and Cu(OH)2 nanoparticles to the globular shape nanoparticles with an approximate 

diameter of 7 nm. The structure of ZnO/Cu(OH)2 nanoparticles was crystalline since lattice 

planes were observed. For this latter sample, EDX analysis has to be performed in order to to 

confirm the identification of crystal phase. This mixture of oxides was stable at room 

temperature. However, drying the material at 70ºC led to transformation of Cu(OH)2 to CuO 

nanoparticles possessing a characteristic brown color. In order to confirm the formation of 

copper oxide, XRD analysis was performed (Figure 90). By applying the Debye-Scherrer-

formula, crystallite size of ZnO was 23.6 nm with a hexagonal crystal structure whereas CuO 

had a crystallite size 7 nm and a monoclinic crystal phase.  
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Figure 90 : XRD diffractogram of CuO / ZnO nanoparticles obtained after drying Cu(OH)2 / ZnO at 

70ºC. 

Interestingly, it is worth to note that at low Cu content, the existence of a main phase 

composed of three dimension nanoflowers of ZnO (with a low Cu content) and a minor phase 

of elongated striated structures corresponding to ZnO and Cu(OH)2 was observed, then 

increasing Cu content up to 20, some distorted nanoflowers of ZnO and ZnO/Cu(OH)2 

nanorods were observed. Finally, the increase of Cu content up to 50 led to the formation of 

ZnO nanorods and globular shape nanoparticles of Cu(OH)2 (Figure 91). Hence, it can be 

assumed that a competition of crystallization types occurred during the precipitation reaction 

due to the partition of HO- ions (from NaOH) between either Zn precursor or Cu precursor 

according to their concentration in the system. 
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Figure 91 : Evolution of nanoparticle shape as a function of Cu content - TEM micrographs of 

Cu(OH)2/ZnO 

 

In order to illustrate further the chemical stabilization of Cu(OH)2 by ZnO, the visual aspect 

of the synthesis in the absence of Zn precursor is presented (Figure 92). The microemulsion 

with this precursor was formed at 40ºC. Then, NaOH (2.5 M) was added to the system till 

reaching a final pH similar to the previous experiment. It could be clearly detected that brown 

nanoparticles were formed indicating the formation of CuO. 
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Figure 92 : Visual aspect of the microemulsion before and after synthesis of CuO nanoparticles.  

However, the reason for the lack of chemical stabilization of Cu(OH)2 specie could be the 

change of microemulsion temperature compared to the previous system. Hence, decreasing 

the oil phase concentration to 10 wt% instead of 14 wt% led to decrease the microemulsion 

temperature to 36ºC. However, the same results were obtained, no stabilization of Cu(OH)2 

specie was obtained, as color of brown nanoparticles were formed.  

Another strategy employed to favor the stabilization of the copper hydroxide was to reduce 

the precursor concentration by half. However, no improvement in the Cu(OH)2 nanoparticle 

stabilization was obtained. Another parameter studied was the final pH value. By decreasing 

the final pH to 10, no nanoparticle precipitation was observed which could mean that the 

isoelectric point of this type of nanoparticles may occur at this pH value. Blue microemulsion 

media turned into green color without precipitation of nanoparticles.  

A similar stabilization of Cu(OH)2 by ZnO was reported in 2006 by Khassin et al (Khassin et 

al. 2006) which was explained by the stabilization of the planar defects of ZnO structure by 

hydroxyl groups from Cu(OH)2. This stabilization mechanism may also occur in our study.  

The materials have a good potential to be applied in the catalysis field due to their size in the 

nanometer range, narrow size distribution, and formation of peculiar nanostructures. And one 

of the intended catalytic applications is in the Water Gas Shift (WGS) reaction. Since such 

reactions are usually tested at relatively elevated temperature, calcination at 400ºC was 

carried out and the materials were characterized. The aspect of Cu/Zn oxide sample with 

10/90 molar ratio calcined at 400°C is displayed in Figure 93. The structure of nanoparticle 

agglomerates showed a three dimensional flower shape similar to that before calcination. In 

addition, it may be assumed that calcination promotes the formation of pores (Figure 93d,e) 
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since before calcination they were not detected. A slight enhancement in crystallinity was 

detected by a better detection of lattice planes.  

Figure 94 shows the XRD diffractogram of both samples calcined at 400°C. A phase 

transformation from copper hydroxide to copper oxide was noticed as characteristic 

reflections of copper oxide with cubic crystal phase could be detected after calcination. As a 

conclusion, by calcination of this sample, copper hydroxide was transformed into copper 

oxide. The hexagonal structure of ZnO was maintained. 

The TPR profiles of the Cu0.10Zn0.90 oxide and Cu0.20Zn0.80 oxide catalysts calcined at 400ºC 

are displayed in Figure 95. Copper reduction was completed for both samples at 300ºC with a 

reduction starting at 150ºC. The sharp peak of H2 consumption implies a high Cu dispersion 

(Agrell et al. 2001). Moreover, two slight differences of H2-consumption could be detected 

for both samples. One peak starting at 150ºC up to 200ºC may be attributed to Cu which has 

less interaction with ZnO lattice whereas a main peak of H2-consumption from 205ºC to 260-

280ºC for both samples may be attributed to the strong interaction between Copper and ZnO 

lattice. Fierro et al (Fierro et al. 1996) reported the same TPR- profile for this type of 

material. This result shows the importance to perform the catalytic reaction at higher 

temperature than 300ºC in order to obtain complete Cu reduction. In addition, the H2- 

desorption on the catalysts was assessed by H2-TPD which is important in Water Gas Shift 

reaction. 
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Figure 95 : H2-TPR of calcined nanoparticles at 400ºC with Cu/Zn molar ratio of a) 10/90 and b) 20/80. 

 
Figure 96 : H2-TPD of Cu0.1Zn0.9 oxide and Cu0.2Zn0.8 oxide nanoparticles calcined at 400ºC 

Figure 96 displays the results of H2 desorption of both samples. The sample with a Cu/Zn 

molar ratio of 10/90 showed one significant H2 desorption rate (peak �) between 250 and 

350°C whereas with a Cu/Zn molar ratio of 20/80, three types of H2 desorption types were 

noticed. The lower-temperature peaks (
, �) can be attributed to the desorption of weakly 

adsorbed hydrogen-species, and the higher-temperature peak (�) due to the desorption of 

strongly adsorbed hydrogen-species, maybe dissociatively chemisorbed hydrogen (Dong et al. 

2003). The peak � appeared at the same temperature as nanoparticles containing Cu/Zn molar 

ratio of 10/90 and the other H2 desorption (�) occurred between 400 and 500°C. At low Cu 

concentration, the active site detected resulting from a singular H2 desorption peak which may 

correspond to Cu strongly interacting with ZnO lattice whereas increasing Cu concentration, 

the other types of H2 desorption peaks detected mean two more types of active sites in the 

catalysts. 
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Table 11 : Summary of BET surface area corresponding to the obtained oxide nanomaterials with 

different Cu/Zn molar ratios.  

 

 

 

 

Increasing the Cu concentration produces an increase in the pore volume (From 0.16 g/cm3 to 

0.25 g/cm3). In addition, for the same material the pore volume increases after calcination 

probably due to the removal of impurities adsorbed at the nanoparticle surface, such as 

residual surfactant from the microemulsion reaction media; in addition, the phase 

transformation from Cu(OH)2 into CuO may have a contribution to surface area increase. In 

order to complete the characterization of nanoparticles, IR spectroscopy was carried out and 

the results are shown in Figure 99.  

wavelength (nm)
5001000150020002500300035004000

Cu10Zn90 Cu20Zn80
Cu10Zn90_C400 Cu20Zn80_C400  

Figure 99 : IR spectroscopy of the nanomaterials with and without calcination at 400ºC at different Cu/Zn 

molar ratio : 10/90 (Cu10Zn90 and Cu10Zn90_C400) and 20/80 (Cu20Zn80 and Cu20Zn80_C400) 

Before calcination, the O-H stretching band at 3300 cm-1 and the H-O-H bending band at 

around 1500 cm-1 were observed for both samples containing Cu/Zn molar ratio of 10/90 and 

20/80 resulting of physical adsorption of H2O molecules on the nanoparticle surface. 

However, after calcination, these two bands were not detected due to the dehydration of 

nanoparticle surface.  

After the complete characterization of these nanomaterials (either mixed Cu/Ce oxide or 

mixture of Cu/Zn oxides) prepared in mild conditions, catalytic tests were carried out using 

these nanomaterials as catalysts in the Water Gas Shift reaction. 

Cu/Zn molar 
ratios 

Before calcination After calcination at 400ºC 
BET Surface 
area in m2 / g�

V(pore) in 
cm3/g�

BET Surface 
area in m2 / g�

V(pore) in 
cm3/g�

10/90 24.7 0.16 29.3 0.25 

20/80 28.0 0.25 31.6 0.28 

3300 1500
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IV.3.1.3. Catalytic application: Water Gas Shift reaction 

The microemulsion reaction method leads to a high control of nanoparticle size, good 

crystallinity and high specific area. These properties are of special interest in catalysis. Low 

temperature Water Gas Shift (WGS) reaction is an important catalytic process for production 

of hydrogen for fuel cell applications and in decontamination application for CO removal. 

The o/w microemulsion reaction method seems to be suitable for preparing high specific area 

CeO2 which allowed to obtain a good dispersion of Cu species. 

The Water Gas Shift reaction consists of reacting carbon monoxide and water to produce 

hydrogen and carbon dioxide as described in Equation 17. 

 
In this context, the most used catalyst in the literature is based on Cu/Ce mixed oxide, which 

forms a single mixed Cu/Ce oxide phase up to a certain Cu/Ce molar ratio, and it plays an 

important role in the selectivity for hydrogen production (Lampe 1992; Kusar 2006). Two 

nanomaterials with different Cu/Ce molar ratio were used in this thesis for this specific 

application: Cu/Ce molar ratio: 10/90 and 20/80 leading to mixed Cu/Ce oxide nanoparticles 

with well dispersed Cu species. The details of the experimental conditions are described in 

section III.3.6.1. Figure 100 shows the CO conversion (%) of the WGS reaction using mixed 

Cu/Ce oxide nanoparticles as catalysts.  
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 c
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Cu/Ce 10/90 Cu/Ce 10/90 calcined at 650ºC for 2h Cu/Ce 20/80  
Figure 100 : CO conversion obtained in Water Gas Shift reaction using mixed Cu/Ce oxide nanoparticles 

with various Cu/Ce molar ratio  as catalysts 

At high temperature (T=370ºC), the most efficient catalyst was mixed Cu/Ce oxide with a 

Cu/Ce molar ratio equal to 20/80, which may be related to the high Cu content in the material. 

However, the efficiency of the other catalyst containing Cu/Ce molar ratio equal to 10/90 was 

higher at lower temperature (T=220ºC) since CO conversion obtained was ~ 40% after 
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calcination at 650ºC whereas less than 10% for the catalyst containing high Cu/Ce molar 

ratio. It is worth noting that both catalysts are of interest in the WGS application since 

acceptable CO conversion was obtained at low temperature (reducing the energy cost) and at 

higher temperature, a high CO conversion was obtained.  

As a conclusion, the material exhibited good activity in WGS. The higher the Cu content 

(molar ratio Cu/Ce 20/80) the more efficient the catalyst is at T= 370ºC with CO conversion. 

= 90%. However, at lower Cu concentration (Cu/Ce 10/90) and calcined at 650°C, the catalyst 

became more efficient at lower temperature (T=220ºC) then the catalyst containing high Cu 

content. It is worth to note that the calcination of the catalyst containing Cu/Ce molar ratio of 

20/80 may also be improved the efficiency at low temperature. 

IV.3.1.3. Preliminary results of synthesis and characterization of 

Alumina and mixture of Alumina and Silica nanoparticles 

The synthesis of a mixture of alumina and silica nanoparticles by the o/w microemulsion 

reaction method was undertaken since this material is widely used as catalytic support due its 

high specific surface area. The mixture obtained by the o/w microemulsion may lead to an 

enhancement in the properties of this material. Amorphous silica-alumina is widely used as a 

solid acid catalytic support in various chemical reactions including hydrocracking, isomerization, 

and alkylation, which are important in the oil refining and petrochemical industry. It has been 

reported that the acidic sites of the catalytic support may play an important role in the 

interaction with the catalysts increasing its efficiency (Diemann 1994, Campbell 2012).  

The organometallic precursors of Aluminium and Silicium with the same ligand (2-

ethylhexanoate) as used in this thesis for preparation of the other nanomaterials were not 

soluble in hexane (oil phase), not even after heating. Various formulation parameters were 

changed such as the decrease of oil concentration, precursor concentration in the system and 

no microemulsion formation was obtained. Therefore, other precursors had to be used: TEOS 

and Aluminium isopropoxide. These precursors are known to be destroyed in contact with 

water. Isopropanol, Acetylacetate and hexane (as shown in Table 2 of section III.3) were 

needed to dissolve the precursors (Al/Si molar ratio: 55/45) at 55°C. The microemulsion 

system used was Synperonic 10/6 / Water : 25/75 and 18wt% oil phase (TEOS, Al-

isopropoxide, Isopropanol, Acetylacetate, hexane). The aspect of the reaction media before 

and after the reaction is displayed in Figure 101. 
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Figure 101 : Visual observation of the synthesis of alumina/silica nanoparticles in the O/W microemulsion 

media with S/W :25/75 and 18wt% oil phase after adding ammonia solution (32%). 

The obtained materials using on one hand Aluminium precursor and on the other hand the 

mixture of TEOS and Aluminum precursor were characterized by XRD powder to investigate 

the nature of crystal phases formed (Figure 102). 

 
Figure 102 : XRD pattern of a) aluminum hydroxide and b) silica / alumina hydroxide nanoparticles dried 

at 70°C 

Meor Yusoff has reported the XRD difractogram of aluminum hydroxide prepared by 

solvothermal method (Meor Yusoff 2007) which was similar to the diffractogram of Figure 

103. Thus, the formation of Aluminium hydroxide was identified by XRD. However, in order 

to detect silica, it was necessary to calcine the material up to 800°C since silica is amorphous 

at lower temperature. The XRD patterns of the calcined materials are shown in Figure 103. 

Ammonia (32%)
o/w microemulsion 
containing the Aluminium
isopropxide and TEOS 
precursors at 25 C

Precipitation of white 
nanoparticles  
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Figure 103 : XRD pattern of a) Al2O3 and b) SiO2 / Al2O3 nanoparticles calcined at 800°C. 

The characteristic reflections at � = 46° and 68° were attributed to Aluminum oxide (Al2O3) 

with crystal phase � (face centered cubic) and silicon oxide phase (typical cristobalite type) 

were also detected by the characteristic reflection at 21.8° (Li et al. 2010). However, it should 

be noted that the resolution of the reflections were not well defined, probably due to the 

important amorphous contribution in the sample. 

The texture of these materials was assessed by SEM microscopy (Figure 104). It was 

observed that homogeneous textural agglomerates were composed of small nanoparticles, 

however the size could not be determined due to high resistive nature of the sample. 

Incorporation of silica with aluminum hydroxyde resulted in larger and more porous 

agglomerates (� 200-250 nm) than aluminum hydroxyde nanoparticles. After calcination, the 

materials showed similar texture. To confirm the elemental composition of each sample, 

SEM-EDX was carried out and the results (Figure 105) were in agreement with the expected 

material. Moreover, the Al/Si molar ratio was 53/47 calculated by EDX analysis which is in 

accordance with the experimental conditions (Al/Si molar ratio: 55/45) used in the synthesis. 
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Al2O3 nanoparticles showed crystalline porous nanorod organization, leading to the 

identification of Al2O3 in the sample containing mixture of Al2O3/SiO2 nanoparticles. In 

addition, theses micrographs may suggest a certain organization of pores. However, by SAXS 

technique, no reflection was detected for Al2O3/SiO2 nanoparticles calcined. It may be 

assumed that the contribution of nanorods with (possibly) organized pores is low compared to 

the rest of the sample.  

Finally, nitrogen adsorption-desorption analysis was performed on the sample of Al2O3/SiO2 

nanoparticles calcined at 800°C (Figure 107) in order to evaluate the BET specific surface 

area, relevant characteristic for catalytic applications. 

 

  

 

 

Figure 106 : TEM micrographs of the obtained nanoparticles calcined at 800ºC – a-c) Al2O3/SiO2 and d,e) 

Al2O3. 

 
 
 
 
 

a) b) c) 

d) e) 



 _____
 

Kelly L. Pema

F

Al2O3/S

catalytic

low com

preparat

investig

that the 

I

Microem

compos

14 wt%

(Pemart

by addi

microem

before a

and afte

 

________

artin – Inorganic na

Figure 107 : N

SiO2 nanopa

c support in

mpared to 

tion of nano

gations have

system is a

IV.3.2. Sem

IV.3

mulsion for

sition and te

% oil phase w

tin et al. 20

ition of a 

mulsion. H

and after ad

er the synthe

_________

anoparticles synthe

Nitrogen adso

articles exh

n the Hydr

the traditi

omaterial w

e to be perf

an O/W mic

mi-conduc

3.2.1. Synth

o  

rmation was

emperature.

was selected

12). At 25.5

small amo

ence, the t

ddition of th

esis of ZnO

_________

esized by the novel O

orption-desor

hibited SBET

rocraking re

ional comm

was carried o

formed in t

croemulsion

ctor nanop

hesis and c

O/W micr

s investigate

 As in the p

d because it

5ºC the synt

ount of Na

temperature

he precipita

O nanopartic

_______  

Oil-in-Water microe

rption isother

T = 184 m2

eaction of h

mercial sup

out in a sys

the characte

n. 

particles 

characteriz

roemulsion

ed in the W

previous se

t formed a m

thesis of Zn

aOH (2.5 M

e for micro

ating agent.

cles is presen

IV. RESU

emulsion reaction m

rms of Alumi

2/g which w

hexadecane

pport posse

stem contain

erization of 

zation of Zn

n reaction m

Water / Synp

ction, a sam

microemuls

nO and ZnO

M) which

oemulsion 

. The aspec

nted in Figu

ULTS AND

method and their pot

 
ina-Silica calc

was accepta

e. However,

ssing SBET 

ning various

f the system

nO nanopa

method 

peronic® 91/

mple with S

sion phase ~

O2 nanoparti

produce a 

formation 

ct of the mi

ure 108. 

D DISCU

tential applications

cined at 800°

able to test

, its efficien

� 560 m2

s co-solven

m in order to

articles 

/6 / Hexane

S:W ratio 25

~ room tem

icles was pe

slight dilu

was kept 

icroemulsion

SSION 

  155 
 

°C 

t it as a 

ncy was 
2/g. The 

nts. More 

o ensure 

e varying 

5:75 and 

mperature 

erformed 

ution of 

constant 

n before 



IV.RESULTS AND DISCUSSION ___________________________________  

156 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

 
Figure 108 : Visual aspect of the o/w microemulsion before and after the synthesis of ZnO nanoparticles. 

The aqueous solution of NaOH (2.5M) was added to the microemulsion, in order to reach pH 

~12 and therefore increase OH- concentration. This reaction was allowed to proceed for 1 day. 

Diffusion of OH- ions through the continuous aqueous phase towards the interface between 

water and the oil droplets, promotes the reaction between Zn2+ and OH- species. The reaction 

will induce the generation of building units of ZnO in the microemulsion media, followed by 

the nucleation and growth processes. The Zn-2EH organometallic precursor is dissolved in the 

oil droplets, whilst the precipitating agent is soluble in the continuous phase. Hence, the 

nucleation of ZnO nanoparticles probably initiates at the oil/water interface. SEM and TEM 

micrographs of the obtained nanoparticles are shown in Figure 109 and 110, respectively. 

The most distinctive nanostructures possessed the flower-like aspect. Various mechanisms 

influence the growth process such as Ostwald Ripening and aggregation of nuclei (de Mello 

2011). The crucial parameters which may also influence the growth process kinetically are the 

concentration of the precursor and the precipitating agent (Cao 2004). The obtention of ZnO 

nuclei led to their aggregation and thus germinate assembled crystals are formed. That is, 

twinned nanocrystals with a middle, shared interface are produced; these nanocrystals self-

assemble and accumulate, leading to the formation of polyhedral cores. Active sites are 

generated at the middle interface of these germinate self-assembled crystals (Dijken 2000). In 

these active sites, further growth will be stimulated and this will promote the formation of 

petal-like crystal assemblies. The driving force for the formation of these flower-like ZnO 

nanostructures (Figure 109a and 110a,b) may be the lower surface energy at the interface 

between petal crystal asemblies which induces various germinations and the growth into 

flower-like ZnO nanostructures(Ahsanulhaq 2008). The ZnO nanoparticles forming the petal 

assemblies are in the order of ~10 nm. 
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However, when hydrogen peroxide was added after one hour of reaction to the previous 

system, it converted ZnO to ZnO2 giving a rise to ZnO2 nanoparticles in the form of globular, 

raspberry-like assemblies, in the order of 80-100 nm (Figure 109b). TEM (Figure 110c) 

reveals that these assemblies were made-up of nanoparticles in the order of 5-10 nm. The 

crystallographic properties of both materials were assessed by XRD (Figure 111). Hence, the 

cubic crystal structure was identified for ZnO2 nanoparticles (Figure 111a) (JCPDS Card No. 

13-0311) whereas both ZnO nanoparticles (precipitated directly in the o/w microemulsion and 

those obtained after calcination of ZnO2 at 300ºC) possessed a wurtzite crystal structure 

(consistent with JCPDS Card No. 80-0075) as observed in Figure 111b and c. However, the 

as-prepared ZnO nanoparticles possessed more intense and better-defined reflections than 

those obtained after calcination of ZnO2 nanoparticles (Figure 111c and b, respectively). 

By DSC-TGA analysis, transformation of ZnO2 nanoparticles into ZnO nanoparticles by 

calcination was confirmed (Figure 112) by exothermic reaction at ~ 225ºC. It is worth noting 

that these nanoparticles have raspberry-like morphology (Figure 109c), although the particles 

appeared larger, in the order of 15 nm. 

The preferential direction of nanoparticle growth and nanoparticle agglomerates may be 

correlated to the nature of crystal phase of ZnO and ZnO2 nanoparticles. Wurtzite ZnO is 

known to possess polar surfaces (Wang 2004). Hexagonal ZnO crystalline structure possess a 

dipole moment along the c-axis direction, i.e., the (0001) facet terminated at the Zn atomic 

layer is positively charged and the opposite (000�j) facet terminated at the O atomic layer has 

a negative charge selectively adsorbed onto the positive (0001) facets. The HO- ions could 

stabilize the (0001) facets. Hence, the positive (0001) facets were protected, and directional 

self-assembly of ZnO building units can occur (Wang 2004).  
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The differences in XRD spectra definition of ZnO nanoparticles can be explained by the 

crystal size difference. ZnO nanoparticles obtained from the calcination of ZnO2 nanoparticles 

might be smaller than those precipitated directly in O/W microemulsion media and/or the 

contribution of the amorphous phase may be higher in ZnO nanoparticles obtained by 

calcination of ZnO2 nanoparticles. By applying the Debye-Scherrer formula, an approximate 

crystal size was estimated using the reflection with the highest intensity. ZnO2 nanoparticles 

obtained in the presence of H2O2 and assembled as nano-raspberry had a crystallite distance 

(dXRD) equal to 9 nm. ZnO nanoparticles obtained by calcination of ZnO2 nanoparticles 

possessed a dXRD equal to 15 nm. However, the as-obtained ZnO nanoparticles assembled as 

nanoflowers had a dXRD= 41 nm. For that sample, it seems that the approximation was over-

estimated; this error may be attributed to the preferential axe growth of nanoparticles. Hence, 

the use of Debye-Scherrer approximation was not appropriate for this sample. 

 

 
 

Figure 111 : XRD patterns of nanoparticles prepared by the o/w microemulsions reaction method - a) 

nanoparticles obtained upon addition of H2O2 to the microemulsion (ZnO2 nanoraspberry), b) ZnO 

nanoparticles obtained after calcination of ZnO2 at 300°C (ZnO nanoraspberry) and c) the as-obtained 

ZnO nanoparticles (ZnO nanoflowers). 
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Figure 112 : TGA-DSC curves of ZnO2 nanoparticles prepared in the O/W microemulsion reaction 

method. 

 

 
Figure 113 : IR spectrum of nanoparticles prepared in the O/W microemulsion system - a) ZnO2 

nanoparticles obtained upon addition of H2O2 to the microemulsion (ZnO2 nanoraspberry), b) ZnO 

nanoparticles obtained after calcination of ZnO2 at 300°C (ZnO nanoraspberry) and c) the as-obtained 

ZnO nanoparticles (ZnO nanoflowers). 

 
The infrared sprectrum of the three types of nanoparticles is shown in Figure 113. For ZnO2 

nanoparticles (Figure 113a)), the bands at 3410, 1578 and 1410 cm-1 were well defined and 

could be attributed to the stretching, rocking and bending modes of water molecules (Su et al. 

2005) adsorbed on the surface of the ZnO2 nanoparticles. However, after calcination of these 
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ZnO2 nanoparticles, the infrared absorption bands were similar to the as-obtained ZnO 

nanoparticles. 

o  Bicontinuous microemulsion reaction media  

Instead of using a O/W microemulsion with 14 wt% oil phase and S:W ratio 25:75, a 

bicontinuous microemulsion with 43.5 wt% oil phase and S:W ratio 50:50 was employed. The 

motivation of this work was to prepare a continuous mesoporous framework composed of 

ZnO nanoparticles using bicontinuous microemulsions as templates. The same synthesis 

procedure was carried out (e.g. addition of NaOH solution up to pH 12). However, after five 

minutes of reaction, the washing cycles were performed by transferring the reaction mixture 

to a Petri dish and adding very carefully ethanol with a pipette in order to form a layer of 

approximately 2 mm thick and moving it slowly, following a circular movement in order to 

avoid the destruction of the continuous framework. The framework of nanoparticles 

sedimented at the bottom of the Petri dish and it was dried at room temperature under vacuum 

or at 200ºC. 

An enhancement in resolution of the reflections in the XRD diffractogram (Figure 114) due 

to an increase in crystallite size was observed as compared to the material obtained in O/W 

microemulsion with lower oil phase concentration. In addition, it was noticed that the 

nanoparticle growth possessed a more pronounced preferential growth following the crystal 

plane (110). By using the Debye-Scherrer equation, dXRD was estimated as 45 nm. 

 
Figure 114 : XRD pattern of ZnO nanoparticles obtained in bicontinuous microemulsion (Synperonic® 

10/6 / Water : 50/50 and 43.5 wt% oil phase (Hexane+ Zn-EH) dried at room temperature. 

In the bicontinuous microemulsion, it was laborious to obtain a dried material at room 

temperature, probably due to residual impurities such as surfactant from the reaction mixture. 

20 30 40 50 60 70 80 90
2� (°)
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Figure 117 : TEM micrograph of ZnO nanowires obtained by the bicontinuous microemulsion reaction 

method (leaving the reaction for five minutes,  dried at room temperature.) 
 

Figure 116 shows the formation of homogeneous and thin ZnO nanowires with a diameter 

around 40 nm. In addition, nanowires were also was detected by TEM (Figure 117). 

Therefore, SEM and TEM results are in good agreement. The results obtained may be 

correlated to the bicontinuous structure used as template. Indeed, by adding NaOH (2.5 M) to 

the microemulsion containing the Zn precursor, the first nuclei will be created with a globular 

shape, more energetically stable. However, increasing the oil concentration up to 43.5 wt% 

may lead to a high local concentration of nuclei being near to each other at the Oil-Water 

interface, and then by fusion these may become larger, giving rise to ZnO nanowires. ZnO has 

an hexagonal crystalline structure; hence preferential growth along the c-axis as observed in 

nanowires can be expected. In addition, the dynamics of the bicontinuous microemulsion, as 

opposed to O/W microemulsion, may affect the nanoparticle growth. The control of 

nanoparticle morphology is not an easy task since various processes have to be taken into 

account such as the nucleation and growth rate, the reaction time, dynamics of the 

microemulsion, presence and adsorption of certain ions and surfactant onto the particle 

surface, pH, and so on. 

In order to find out the importance of the reaction time, the same reaction was carried out and 

it was allowed to continue for 20 days. As observed by microscopy (Figure 118 and 119), 

after 20 days ZnO nanowires turned into self-assembled nanoplatelets with a thickness around 

7 nm. These nanoplatelets were arranged into globular aggregates resembling a desert rose. 

Various approaches have been reported in the literature to synthesize these 2D ZnO 

nanostructures such as a vapor transport process (Chen et al. 2005, Xu 2004), thermal 

evaporation (Umar 2006), carbothermal reduction process (Hu 2003, Park 2005, Park 2004), 

100 nm100 nm
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prepared. The average pore diameter may be associated with the space between nanoparticle 

agglomerates. Consequently, ZnO2 nanoparticles showed to be less agglomerated than ZnO 

due to the different chemical surface. Moreover, ZnO2 calcination led to ZnO nanoparticles 

possessing SBET, pore volume and pore diameter higher than ZnO nanoflowers prepared 

directly in O/W microemulsion. Furthermore, comparing both samples prepared in 

bicontinuous microemulsion, it can be clearly detected that after 5 minutes of reaction, the 

material has a higher SBET due to the formation of thin continuous nanowires with a high pore 

volume (0.403cm3/g) whereas after 20 days of reaction, they turned into denser self-

assembled nanoplatelets and their pore volume decreased approximately by 25%. Thus, ZnO 

with different characteristics could be prepared by following different strategies. 

 
Table 12 : Characteristics of ZnO nanoparticles prepared in O/W microemulsion and bicontinuous 

microemulsion reaction method. 

Samples SBET (m2/g) Pore volume 
(cm3/g)

Average pore 
diameter (nm) 

ZnO using O/W microemulsion (14 wt% internal 
phase) - Nanoflowers 31.06 0.351 45.15 

ZnO2 obtained in O/W microemulsion (14 wt% 
internal phase) – Nano-raspberry 182.6 0.950 21.77 

ZnO (by ZnO2 calcination) - Nano-raspberry  43.48 0.415 38.25 
ZnO using bicontinuous microemulsion (43.5 
wt% internal phase) and leaving the reaction for 
5 min - Nanowires 

69.96 0.403 22.52 

ZnO using bicontinuous microemulsion (43.5 
wt% internal phase) after 20 days reaction – 
Nanodesert flowers 

36.67 0.295 34.51 

 

o Determination of the isoeletric point of ZnO nanoparticles 

obtained in both microemulsion systems 

It was considered of interest to investigate the influence of nanoparticle morphology on the 

isoeletric point with two types of ZnO nanoparticles with different shape. The determination 

of the zeta potential was relevant to ensure a stable dispersion by using the appropriate 

dispersing agent. Different concentrations of dried nanoparticles were used for the zeta 

potential measurements in order to select one concentration for which the zeta potential value 

was independent to the nanoparticle concentration. Then, the electrophoretic mobility 

measurements of the aqueous suspension of ZnO nanoparticles with the chosen nanoparticle 

concentration was carried out by incoporationg electrolytes to adjust the pH and determine the 

isoelectric point of each nanomaterial. The nanoparticle concentration in both cases was kept 
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at 0.034 wt%. As displayed in Figure 120 depending on the shape of agglomerates the 

isoeletric point value for both nanoparticles was different. ZnO nanoflowers possessed an 

isoeletric point at 3.4 whereas for ZnO nanowires it was 7.3. In the literature, it has been 

mostly reported that the isoelectric point of ZnO was about 9.5 (Zang 2007). However, it was 

also reported that ZnO capped by surfactant showed up an isoeletric point at 4-4.2 decreasing 

the isoelectric point of ZnO (Shahmoradi 2011). Therefore, this decrease in isoelectric point 

in the present study also may be due to some surfactant residue onto nanoparticle surfaces 

used during their synthesis. In addition, due to their difference in the shape of self-assembled 

nanostrctures, the ion partition onto the nanoparticle surface may result different. Moreover, 

salt impurities from the microemulsion reaction media may also play a role in the value of 

isoelectric point of both materials. 

 
 

Figure 120 : Zeta potential of ZnO with nanoflower and nanowire shape as a function of pH. 

Surprisingly , it was detected that at acidic pH values in aqueous solution, ZnO nanowires 

transformed into transparent flexibe microtubes with homogeneous size (diameter ~ 1mm). In 

addition, when these microtubes were subjected to mild heat treatment for drying, they 

became thinner and rigid but they kept the transparent property. The visual aspect is shown in 

Figure 121. Addition of water to the dried microtubes led again to swollen transparent 

microtubes by filling the inner part. They were characterized by optical and scanning electron 

microscopy (Figure 122 and 123). It was observed by optical microscopy that the inner part 

of the microtubes was empty and the wall was formed by various thin self-assembled layers 

that formed microtubes (Figure 122). This observation was also confirmed by SEM 

micrographs presented in Figure 123. The diameter of the inner part was approximated to 71 
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Figure 123 : SEM micrographs of ZnO microtubes obtained in acidic solution 

 

By these observations, it can be concluded that the formation of microtubes may be explained 

by fusion of the ZnO nanowires possessing a preferential growth, favoured under acidic 

conditions forming organization into platelets. And the presence of polar surfaces may result 

in a roll-up of these platelets to form microtubes. More investigations should be carried out to 

understand the formation of these microtubes. 

 

o Assessment of the specific properties of the prepared semi 

conductor nanoparticles  

 
- Electrical properties of the prepared semi-conductor nanoparticles

As detailed in the previous section, synthesis of inorganic nanoparticles in microemulsion 

media presented an enhanced efficiency in catalysis (WGS) compared to the same 

nanomaterials prepared by other methods such as co-precipitation due to their special surface 

properties (Agrell 2001). Based on this knowledge, it was of our interest to find potential 

applications for the various nanomaterials prepared by this novel Oil-in-Water microemulsion 

reaction method and assess their efficiency.  
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The conversion from solar energy to electricity is fullfilled by solar cell devices based on the 

photovoltaïc effect. Many photovoltaïc devices have been already developed over the last five 

decades (Liu et al. 2008, Goetzberger 2000, Goetzberger 2003). However, wide-spread use is 

still limited by two paramaters: conversion efficiency and high cost (Bagnall 2008, Green 

2004, Oliver 1999). A new class of solar cells has been invented by Grätzel et al. (Grätzel 

1991) in 1991 and it is based on Dye-Sensitized solar cells (DSCs) using titanium oxide 

(TiO2) semiconductor and organic dyes or metallorganic complex dyes. Zinc oxide possess 

similar chemical and physical properties TiO2 but has higher electronic mobility that would be 

favorable for electron transport. The conversion efficiencies of ZnO is about 0.4-5.8% 

whereas it is about 11% with TiO2. However, due to its ease of crystallization and anisotropic 

growth, ZnO nanoparticles present unique properties for electronics, optics or photocatalysis 

(Wang 2004, Schmidt-Mende 2007, Tornow 2007, Djurisic 2006). Therefore ZnO may be a 

good alternative to TiO2. 

The key to understanding the electrical behaviour of solar cells is understanding the I-V 

curves. The I-V curve is a graph of current (I) as a function of voltage (V) for a given 

material. I-V curve measurements (Figure 124 and 125) were carried out in order to highlight 

any influences of the ZnO aggregate shape. Electrical behaviour of the dried ZnO 

nanoparticle powders possessing various agglomerate shapes prepared in O/W microemulsion 

(Figure 124) and in bicontinuous microemulsions (Figure 125) was analyzed.  
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Figure 124 : I-V curve measurements as a function of agglomerate shape of ZnO and ZnO2 nanoparticles 

prepared in O/W microemulsion media – a) ZnO nanoflowers without calcination and calcined at 300ºC, 

b) ZnO2 nano-raspberry, c) ZnO nano-raspberry obtained by ZnO2 calcination at 300ºC. 

 

a) 

b) 

c) 
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Figure 125 : I-V curve measurements of ZnO nano desert-rose obtained in bicontinuous microemulsion 

after 20 days reaction. 

 
Figure 124a and b shows that ZnO nano-flower and ZnO2 nano-raspberry particles possess an 

Ohmic behaviour since voltage and current varied linearly and the slope of the graph is the 

material’s resistance whereas ZnO nano-desert rose exhibited  a “S” shape curve electrical 

behavior (Figure 125). These nanomaterials had a small resistance. However, ZnO nano 

raspberry displayed in Figure 124c shows a diode like behaviour with a parabolic trend. This 

electrical trend is relevant in photovoltaic application to obtain a high conversion efficiency. 

This last sample has a promising interest in a dye sensitized cell or hybrid solar cells. The 

conversion efficiency may be enhanced and repeatable since nanoparticles possess the same 

size with a low polydispersity. 

- Photocatalytic properties: Evolution of Rodamine B degradation in the presence 

of nanoparticles containing Zinc 

Another important characterisitic that nanomaterials must possess to apply them for 

photovoltaic application is the ease to adsorb dye molecules on the surface. As a consequence, 

a preliminary study using UV-vis spectroscopy was carried out following the degradation of 

Rhodamine B used as reference organic dye in the presence of ZnO nanoparticles used as 

photocatalysts and focusing on the characteristic absorbance wavelength of Rhodamine B. 

This test was also interesting for evaluating photocatalytic properties of ZnO nanoparticles 

possessing different shapes by applying UV light for 80 minutes. The visual observation of 

the photocatalytic degradation of Rhodamine B by the presence of ZnO as a function of time 

is displayed in Figure 126. ZnO nanowires exhibited a better efficiency then the other 

V/mV  

I/�A 
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materials since after 40 min, most of the dye was degradated. ZnO nanoflowers showed a 

better photocatalytic efficiency compared to ZnO nanodesert roses. 

 

 

 
Figure 126 : Visual observation of Rhodamine B degradation in presence of ZnO nanomaterials as 

photocatalysts as a function of time (in min) – S: solution of Rhodamine B– 5 ppm. 

The degradation of Rhodamine B molecules in aqueous solution by ZnO nanoparticles coud 

be explained by the mechanism proposed by Wang et al in 2008 and Zeng et al in 2009 

(Wang et al. 2008, Zeng et al. 2009). Hence, when ZnO particles were illuminated by UV 

light with energy greater than the band gap energy, the conduction-band electrons (klmn ) and 

valence-band holes (opmq ) were generated onto the surfaces of ZnO particles (Equation 19). 

Then, holes may react with water molecules present also on the particle surface to form highly 

reactive hydroxyl radicals (
.
OH) as shown in (Equation 20). Meanwhile, oxygen acted as en 

electron acceptor by forming a superoxide radical anion (rs��tn) as in (Equation 21). 

Rhodamine B was thought to be destroyed through direct oxidation by the 
.
OH radicals and 

rs��tn radicals as written in Equation 22. 

7�g � u)�v`� U ew	n � u	xq  Equation 19 

u	xq � c�g U�cq � cgt Equation 20 

ew	n � g� U g�tn Equation 21 

g�tn � cgt � �Hye U �zE{H|9} He~E*H*}K{� Equation 22 
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Figure 127 : UV-visible spectra of Rhodamine B degradation in the presence of ZnO materials with 

different particle shape under UV light. 

 

 
Figure 128 : Rhodamine B degradation (%) as a function of time for ZnO with different shapes 

These differences in efficiency may be explained by the difference in specific surface area 

(SBET)of the three materials. Indeed, since the photocatalytic reaction takes place at the 

nanoparticle surface, this parameter is important. As shown in Table 12, ZnO nanowires 

exhibited the higher SBET which may be correlated to the higher efficiency in this 

photocatalytic experiments. In addition, the pore volume was high (0.403 cm3/g) which may 

favor the adsorption of dye onto the nanoparticle surface. Regarding the nanoflowers and 

nano-desert roses, they exhibited basically the same SBET, slightly lower for the nanoflowers 

(31.06 m2/g versus 36.67 m2/g). Hence, their different photocatalytic activity could not be 

explained by their SBET values. Nevertheless, the nanoflowers possessed higher pore volume 

(~0.351 cm3/g) then the nano-rose desert flowers (0.295 cm3/g) which may explain the 

photocatalytic efficiency. The procedure of the photocatalytic experiments which has been 
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reported by Pung in 2012 (Pung 2012) was followed in this thesis in order to compare the 

photocatalytic activity of the material with the same chemical nature. They also tested ZnO 

flower-like agglomerates but with a considerably larger size since the petal diameter was 

about 101.8+/-18.84 nm and 1172.6 +/- 370.38 nm in length whereas nano-flowers prepared 

by O/W microemulsion reaction method exposed in this thesis possessed a petal diameter 

about 50 nm and ~130 nm of length. This difference in size may be due to the confinement 

that the microemulsion media offers, resulting in a smaller crystal structure. The 

photocatalytic activities of the materials were comparable to ZnO nanoflowers prepared in the 

o/w microemulsion presented in this thesis. Nevertheless, ZnO nanowires synthesized in the 

bicontinuous microemulsion exhibited a much higher photocatalytic activity in half time 

reaction. This nanomaterial may be of interest for industrial photocatalytic and photovoltaic 

applications as described previsously due to the ease of preparation in microemulsion, its 

good reprodubility and its low cost. 

o Post-synthesis functionalization and fluorescent properties 

of ZnO and mixture of Cu(OH)2/ZnO  

- Post-synthesis functionalization and nanoparticles dispersion in organic solvent 

The use of dispersing agent was investigated in order to prepare stable dispersions of various 

nanoparticles. Different dispersing agents were tested and the best dispersion stability was 

obtained by using Aerosol OT (AOT). Thus, hydrodynamic radius was evaluated for ZnO 

nanoflowers functionalized with AOT by DLS in THF. The same surfactant was used to 

disperse ZnO / Cu(OH)2 nanoparticles in THF in order to keep the same dispersing system 

and carry out a proper comparison of their properties such as fluorescent and optical 

properties. A screening of nanoparticle concentration keeping constant a low dispersing agent 

concentration was carried out in order to assess the most stable dispersion.  
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Figure 132 : Fluorescent spectrum of Cu(OH)2 / ZnO nanoparticles dispersed in THF as a function of 

excitation wavelength 

The dispersion of Cu(OH)2 / ZnO nanoparticles in THF showed fluorescence properties 

(Figure 132), which were more likely linked to presence of ZnO (Yue et al 2011). 

For optimum fluorescence intensity, the excitation wavelength was 190 nm, and the emission 

maxima were 425 nm and 520 nm. To compare the fluorescence properties of the different 

dispersions, it was necessary to formulate the microemulsion containing only the Copper 

precursor in order to obtain Cu(OH)2 nanoparticles. However, copper oxide was obtained 

instead of copper hydroxide since the former is more stable as described in the previous 

section (IV.3.1.2). Then, fluorescent properties of the dispersion of CuO nanoparticles in THF 

stabilized by AOT were investigated.  
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Figure 133 : Fluorescent properties of stable dispersions of ZnO, CuO and Cu(OH)2 / ZnO nanoparticles 

dispersed in THF with AOT as a dispersing agent.  

Figure 133 displays the fluorescent properties of stable dispersions composed of ZnO, CuO 

and Cu(OH)2 / ZnO nanoparticles in THF. It was noticed that dispersion of ZnO showed up a 

high fluorescence response between 350 nm and 520 nm by applying an excitation 

wavelength at 190 nm. The dispersion containing Cu(OH)2 / ZnO nanoparticles possessed 

fluorescent properties even though its properties were somehow reduced compared to ZnO 

nanoparticles. Finally, CuO dispersion did not truly show fluorescent properties since the 

fluorescent peak at 520 nm, in common with the other dispersions, it may be due to the 

presence of AOT surfactant. As a conclusion, it was possible to prepare stabilized Cu(OH)2 

by the presence of ZnO nanoparticle and to obtain a stable dispersion by means of AOT. 

Presence of Cu(OH)2 inhibited slightly the fluorescence properties of ZnO but brought the 

colourfull light blue. This stable dispersion of Cu(OH)2 / ZnO could be of interest for 

example in textile application since the combination of colour and fluorescence properties 

may be interesting to bring colour and special optical properties to textiles.  

In addition, optical properties of these stable dispersions were investigated. In Figure 134 

maximum absorption bands at 232 and 360 nm were detected for the dispersions containing 

ZnO nanoparticles. In contrast, the dispersion composed of Cu(OH)2 / ZnO nanoparticles 

exhibited only a maximum absorption band at 230 nm. Therefore, presence of ZnO helped to 

stabilize Cu(OH)2 formation but the latter inhibited partially the optical properties of ZnO. 
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Figure 134 : UV-vis spectra of ZnO and Cu(OH)2 / ZnO dispersions in THF stabilized with AOT 

 

IV.3.2.2. Synthesis and characterization of ZnSe nanoparticles using the 

bicontinuous microemulsion reaction method 

The previous investigations demonstrated that the Oil-in-Water microemulsion reaction 

method is suitable method to prepare different types of metal oxides. This method was then 

extended to the preparation of other type of semi-conductor such as Chalcogenides.  

Zinc Selenide is an attractive II-VI semiconductor material having a large band gap of 2.7 eV 

at room temperature, which attracted considerable attention due to its potential applications in 

laser diodes, green-blue light-emitting diodes and solar cells (Kalita 2000). ZnSe is also a 

promising material for windows, lenses, output couplers, beam expanders, and optically 

controlled switching due to its low absorptivity at infrared wavelength, visible transmission 

and giant photoresistivity (Tafreshi 1997). The procedure for preparation of ZnSe 

nanoparticles was slightly different to that used for the preparation of metal oxide 

nanoparticles since instead of addition of basic aqueous solution for precipitating the 

nanoparticles, a reducing aqueous solution containing NaBH4 and Selenium (metal) was 

poured in the bicontinuous microemulsion under inert atmosphere. Our interest was to use the 

bicontinuous microemulsion with “sponge-like” structure to prepare a continuous framework 

of II-VI semi conductor (Zinc Selenide). The advantage of using this microemulsion structure 
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instead of oil-in-water microemulsion is that it may lead to a continuous framework with high 

porosity and better mass transport. 

The detailed procedure is described in section III.3.3.2. The instantaneous precipitation of 

yellowish nanoparticles was observed and due to its sensitivity of oxygen, the reaction was 

kept under inert atmosphere. Once the yellowish nanoparticles were isolated from the 

microemulsion system by centrifugation, they were characterized by XRD technique in order 

to identify the crystal phase.  

 
Figure 135 : XRD pattern of ZnSe nanoparticles obtained in bicontinuous microemulsion media. 

Figure 135 shows the XRD pattern of ZnSe nanoparticles obtained. Nanoparticles possess a 

cubic (Zincblende) crystal structure. Comparing with the literature, this XRD pattern (these 

reflections) was expected for this type of material (Dai et al. 2009). Employing the 

Debye.Scherrer equation, the estimated crystallite size was around 2nm (dxrd = 2 nm).  

- Preparation of continuous framework composed of ZnSe nanoparticles  

The preparation of a film composed of ZnSe nanoparticles is detailed in section III.3.3.2 and 

Figure 136 shows the visual aspect of the obtained framework after drying in a vacuum dryer 

at room temperature. 
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Figure 136 : Visual aspect of the framework composed of ZnSe nanoparticles prepared after drying under 

vacuum at room temperature  

This film was characterized by various techniques including SEM, TEM, SAXS and BET. By 

SEM, it was observed that the material was composed by homogeneous round shape 

agglomerates with around 200 nm size (Figure 137). Agglomerates of ZnSe nanoparticles 

were interconnected and they may form a continuous framework. Using the bicontinuous 

microemulsion, the formation of ZnSe nanowires was expected, as observed in the case of 

ZnO. This difference in shape may be due to the difference in nanoparticle growth rate. ZnO 

may possess higher growth rate than ZnSe. Moreover, the ion concentration contained in the 

additional aqueous solution (precipitating agent in case of ZnO and reducing agent for ZnSe) 

may play a crucial role in the nanoparticle growth rate. In addition, the crystalline structure of 

ZnO was hexagonal, whereas ZnSe was cubic; therefore the growth along the c axis of the 

hexagonal structure of ZnO is likely to develop anisotropic structures (Wang 2004). 
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order of 50-100 nm were indentified. In addition, 2D SAXS measurements indicated a slight 

orientation in the sample whereas in TEM, it was not possible to detect it. Either the 

superposition of nanoparticle layers due to a too high concentrated sample may deflect the 

observation of any slight organization in nanoparticles by TEM or an artifact ordering due to 

stacking of the sample on the bottom due to gravity while performing the SAXS 

measurements lead to a small anisotropic organization. For clarifying these observations, the 

powerful FIB technique would be more appropriate.  

IV.3.3. Magnetic nanoparticles: Mn-Zn ferrite nanoparticles 

(Fe2Mn0.5Zn0.5O4) 

The magnetic properties of the nanoparticles depend on their size, polydispersity and 

crystallinity. Currently, magnetite is the most used material for biomedical applications 

due to its biocompatibility and non-toxicity (Schwertmann 2007). However, in order to 

achieve a Curie temperature close to the operating range and temperature-sensitive 

magnetic properties (Arulmurugan 2006), the use of Mn-Zn ferrite spinel nanoparticles is 

more appropriate. In most of the preparation methods, calcination is needed in order to 

obtain the desired crystalline structure, which in turn determines the magnetic properties. 

Interestingly, using the Water-in-Oil (W/O) microemulsion reaction method, Mn-Zn ferrite 

nanoparticles possessing the spinel crystalline structure could be prepared directly in the 

microemulsion, without any need for calcination (Kosak 2004; Aubery 2011). In this type 

of system, each droplet can be regarded as an individual nanoreactor where nanoparticles 

can nucleate, grow and crystallize in a confined fashion. To overcome the negative 

environmental impact, our challenge was to prepare Mn-Zn ferrite spinel nanoparticles 

using the recently reported Oil-in-Water (O/W) microemulsion reaction method (Sánchez-

Domínguez 2009).  

  IV.3.3.1. Nanoparticle synthesis and characterization  

The microemulsion system used is described in the Experimental section (III.3.3). By 

increasing the oil concentration from 12 wt% to 20 wt%, the optimum temperature for 

microemulsion formation increased from 23°C to 40°C. The surfactant became lipophilic 

by dehydration of the polar headgroup upon temperature increase. As a consequence, the 

affinity with the oil phase is increased, leading to a higher oil phase solubilization. NaOH 
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(2.5M) or TMAH (0.5M) was added to the system and the nanoparticles precipitated 

instantaneously (Figure 142).  

 

Figure 142 : Visual observation of the synthesis of Fe2Mn0.5Zn0.5O4 nanoparticles with TMAH as 

precipitating agent in an O/W microemulsion media. 

Lamellar organization of nanoparticles was detected by SEM (Figure 143) for all 

Fe2Mn0.5Zn0.5O4 nanoparticles synthesized. The procedure for nanoparticle isolation 

consisted in centrifugation and washing cycles, followed by drying at 70ºC. This well-

packed agglomeration may be induced by the small particle size, the centrifugation force, 

residual surfactant, and eventual shrinkage of the agglomerates due to loss of water upon 

drying.  

 
 

Figure 143 : Scanning Electronic Micrograph of Fe2Mn0.5Zn0.5O4  nanoparticles prepared in O/W 

microemulsion with a Synperonic®10/6 : Water weight ratio = 25 : 75 and a) 20wt% oil phase, 

precipitated with TMAH (0.5M)., b) 12 wt% oil phase precipitated with TMAH (0.5 M), c) 12 wt% oil 

phase precipitated with NaOH (2.5 M). 

On the other hand, EDX analyses from SEM patterns (shown in Figure 144) confirmed 

that Mn-Zn ferrite materials were obtained. However, the EDX atomic % reported in Table 

c) a) b) 
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Figure 145 : STEM-EDX mapping of Fe2Mn0.5Zn0.5O4  nanoparticles prepared in O/W microemulsion 

with a Synperonic®10/6 : Water weight ratio = 25 : 75 and a) 20wt% oil phase, precipitated with 

TMAH (0.5M), b) 12 wt% oil phase precipitated with TMAH (0.5 M), c) 12 wt% oil phase; 

precipitated with NaOH (2.5 M). 

The different degree of crystallinity and particle size was confirmed by HRTEM. The 

nanoparticles prepared with NaOH 2.5M and 12 wt% oil phase (Figure 146a, b and c) 

were very small, with an average particle size (dTEM) in the order of 2.4 nm, and although 

certain crystalline features are observed, there is an important contribution from 

amorphous zones. However, nanoparticles synthesized with the same concentration of oil 

phase but precipitated with TMAH 0.5M (Figure 146d, e, f), presented in general much 

better crystallinity, as amorphous zones were scarce, and the particle size was increased 

(dTEM�� 5.2 nm). Furthermore, the material synthesized with TMAH 0.5M and 20 wt% oil 

phase (Figure 146g, h, i) was more crystalline, as no amorphous zones could be detected; 

the particle size ranged from 6-12 nm with dTEM � 9.4 nm. The differences in crystallinity 

can be clearly seen in the insets to Figure 3b, 2e and 2h where the corresponding SAED 

patterns are shown. It must be highlighted that in all cases, HRTEM revealed a facetted 

shape of the nanocrystals; this was more clearly observed for the samples synthesized 

a) 

b) 

c) 
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using TMAH as precipitating agent (Figure 146d and g), where square shapes were 

detected, corresponding to cubic nanocrystals.  

 
Figure 146 : HRTEM, SAED patterns and related particle size histograms (from measurement of 200 

NPs) of Mn-Zn ferrite nanoparticles prepared in O/W microemulsion - (a), (b) and (c) 12 wt% oil 

phase, precipitated with NaOH 2.5M; (d), (e) and (f) 12 wt% oil phase, precipitated with TMAH 0.5M; 

(g), (h) and (i) 20 wt% oil phase, precipitated with TMAH 0.5M.  

The three samples of Mn-Zn ferrite nanoparticles present the main characteristic XRD 

reflections of spinel structure, as shown in Figure 147. The Debye-Scherrer’s formula was 

applied using the reflection with the highest intensity for assessment of the crystallite size 

(dXRD). The material obtained using the microemulsion containing 12 wt% oil phase and 

precipitated with NaOH 2.5M had a dXRD ~ 1.5 nm, whereas the same type of sample but 

precipitated with TMAH 0.5M had a dXRD ~ 7nm. In addition, increasing the oil 

concentration of the O/W microemulsion from 12 wt% to 20 wt% (and employing the 

same precipitating agent, TMAH 0.5M), resulted in dXRD ~ 11 nm. These crystallite size 

approximations are in relatively close agreement with the particle size determined by 

HRTEM. Hence, by increasing the oil concentration (from 12 wt% to 20 wt%), the 

crystallite size was increased. Increasing the concentration of the internal oil phase leads to 

larger microemulsion droplets, as well as to an overall higher precursor concentration. In 

2 nm 

2 nm 50 nm 

5 nm 

2 nm 50 nm 

5 nm 

5 nm 50 nm 

(a) (b) 

(d) (e) 
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addition, since the surfactant/water ratio was kept constant, increasing the oil phase 

concentration leads to a lower surfactant concentration. This may translate into a lower 

overall interfacial area; if the reaction takes place at the interface, the reaction rate can be 

controlled by the overall interfacial area. The formation of nanoparticles in microemulsions 

with larger droplets and lower surface to volume ratio will therefore lead to a slower 

reaction rate and hence the growth step would be more important than when the synthesis 

is carried out in microemulsions with smaller droplets. Hence, smaller particles can be 

obtained when using microemulsions with larger interfacial area (smaller droplets).  

 
Figure 147 : XRD pattern of Mn-Zn ferrite nanoparticles obtained in O/W microemulsion media with 

a water / Synperonic®10/6 weight ratio: 25 / 75 and oil component consisting of hexane, Fe-2EH, Zn-

2EH and Mn-2EH: a) 20 wt% oil phase and precipitated with TMAH (0.5M) b) 12 %wt oil phase and 

precipitated with TMAH (0.5M) and c) 12 wt% oil phase and precipitated with NaOH (2.5 M) 

On the other hand, for a constant microemulsion composition (12 wt% oil phase), Mn-Zn 

ferrite nanoparticles precipitated with NaOH 2.5M were less crystalline than the 

nanoparticles obtained when TMAH 0.5M was used as precipitating agent. The XRD 

reflections from the former material were less defined and broader, which can be explained 

in terms of both smaller size crystallites and a larger contribution from material with 

amorphous structure.  In addition, NaOH is a stronger base since its pKb is much lower 

(pKb (NaOH) <0) than pKb (TMAH) = 4.3. Hence, the ion mobility of NaOH is faster than 

TMAH in an aqueous media. Furthermore, the concentration of NaOH used (2.5 M) was 

larger than the concentration of TMAH (0.5 M). This can also contribute to the faster 

dXRD = 11.0 nm 

dXRD = 7.0 nm 

dXRD = 1.5 nm 
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strongly on the cationic stoichiometry and occupancy of cations in specific sites (Lan 

2008). 

In addition, Zero-Field Cooled (ZFC) and Field cooled (FC) magnetizations measured in 

the temperature range 5-300K (27ºC) is given in Figure 151. On one hand, the ZFC 

measurement consists on cooling the sample in the absence of an applied magnetic field. 

Then, the sample is warmed up and the magnetization is measured as a function of 

temperature by applying an external magnetic field (50 Oe). On the other hand, the FC 

measurement consists of freezing the sample around 0 K under low magnetic field and 

following the magnetic moments as a function of temperature. The thermal energy 

increases and the magnetic moments of nanoparticles start to be aligned following the 

direction of the applied magnetic field. At the blocking temperature (Tb), the magnetization 

is maximal which means that an overall magnetic moment orientation is reached. Above 

Tb, the magnetization decreases due to fluctuations of the magnetic moments of 

nanoparticles caused by thermal energy. From Figure 151, Tb of these three samples with 

different sizes was determined. Keeping the same O/W microemulsion composition (S:W 

weight ratio: 25: 75 and 12 wt% oil phase), the Mn-Zn ferrite nanoparticles precipitated 

with NaOH possess a Tb = 22 K whereas those precipitated with TMAH have a Tb= 30 K. 

Mn-Zn ferrite nanoparticles synthesized with 20% oil (the sample with the largest size) 

have a Tb = 50 K. Simplifying the Néel Brown equation (Néel 1948), Tb depends on the 

NP volume (V) and the effective anisotropy constant (Keff), and it can be written as: Tb = V 

/ [30*kb/Keff] where kb is the Boltzmann constant. Hence, smaller nanoparticles should lead 

to lower Tb as obtained in this study.  

Moreover, ZFC-FC measurements evidenced a narrow size distribution by a rapid increase 

of the magnetization up to temperature of the maximum of the ZFC resulting in all the 

magnetic moments of nanoparticles possessing a narrow size distribution will be in the 

blocking state in a small interval of temperature and will contribute in the same way for the 

magnetization in the ZFC and FC curves. That is why ZFC and FC curves were 

superimposed above Tb. However, comparing these three samples (Figure 151), for 

smaller nanoparticles (obtained using 12 wt% oil phase and NaOH (2.5 M) as precipitating 

agent) a narrow Gaussian shape could clearly be detected meaning that the nanoparticle 

size distribution is narrower than those prepared also with 12 wt% oil phase and TMAH 

(0.5M) as precipitating agent. Finally, bigger nanoparticles (using 20 wt% oil phase and 
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TMAH as precipitating agent) led to a slightly larger nanoparticle size distribution than 

smaller nanoparticles since a slightly wider Gaussian shape (Figure 151) was obtained. 

This could also arise from various interactions (dipolar, interchange) between the cation 

distributions that may occur during the measurement (Allia 1995).  

The results from magnetic studies are in agreement with the results from the TEM 

observations and also from the XRD patterns since increasing the oil concentration (up to 

20 wt%) of the O/W microemulsion leads to larger and more crystalline nanoparticles, 

which in turn results in the highest Ms and Tb.  

 

On the other hand, keeping the same microemulsion composition (Synperonic® 10/6 / 

Water weight ratio: 25/ 75 and 12 wt% oil phase), smaller Mn-Zn ferrites nanoparticles are 

obtained when using NaOH 2.5M as precipitating agent as compared to TMAH 0.5M. In 

Table 14, a summary of the characteristics of the NPs prepared in O/W microemulsions is 

given.  

 
Figure 150 : Magnetization as a function of the magnetic field at 27ºC of Mn-Zn ferrites nanoparticles 

synthesized in Water / Synperonic® 10/6 / Hexane microemulsions (S:W ratio 25:75, pH= 12) - a)  

20 wt% (nanoparticles precipitated with TMAH 0.5M, dTEM= 9.4 nm);  12 wt% (nanoparticles 

precipitated with TMAH 0.5M, dTEM= 5.2 nm) and  12wt% (nanoparticles precipitated with 

NaOH 2.5M, dTEM= 2.4 nm). 
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Figure 151 : Zero-Field Cooled and Field cooled (ZFC-FC) measurements at 50 Oe for Oil phase 

concentration: a)  20 wt% (nanoparticles precipitated with TMAH 0.5M, dTEM= 9.4 nm); b)  

12 wt% (NPs precipitated with TMAH 0.5M, dTEM= 5.2 nm) and  12wt% (nanoparticles 

precipitated with NaOH 2.5M, dTEM= 2.4 nm).  

 
Table 14 : Summary of characteristics of Mn-Zn ferrite nanoparticles prepared in O/W microemulsion 

(Synperonic® 10/6 / Water 25/75 and different wt% of oil phase, SP: Superparamagnetic) 

wt% 
oil 

phase  
Precipitating agent dTEM / 

(nm) 
dXRD / 
(nm) 

Tb
(K) 

M
(emu/g) 
at 50kOe 

Estimated 
Ms (emu/g) 

Magnetic 
behavior 

20 TMAH (0.5M) 9.4 11.0 50 10.8 17.1 SP 

12 TMAH (0.5M) 5.2 7.0 30 4.0 6.8 SP 

12 NaOH (2.5M) 2.4 1.5 22 3.0 5.5 SP 
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Furthermore, it was shown that the particle size of the materials obtained by this method 

can indeed be tailored by varying the composition of the O/W microemulsions. Finally, it 

was demonstrated that the nature of the precipitating agent plays a very important role in 

the characteristics of the materials obtained.  

  IV.3.3.3. Nanoparticle functionalization and dispersion 

o Preparation of the nanoparticle dispersion 

Once the preparation of magnetic nanoparticles using the O/W microemulsion reaction 

method had been accomplished, a relevant point to take into account in order to envisage 

potential applications was the stability of nanoparticle dispersions in various solvents. For 

that purpose, aqueous and organic solutions containing various dispersing agents were 

prepared and a small amount of dried nanoparticles were added. After the drying process, 

nanoparticles remained agglomerated due to their small size and their dispersion in 

solvents was difficult even after applying ultrasound for several minutes.  

In order to overcome this problem, wet nanoparticles were isolated after reaction in O/W 

microemulsion media and then, washed with Ethanol/Water mixtures in order to remove 

impurities from the reaction. When wet and washed nanoparticles with a final neutral pH 

were obtained, they were dispersed in water and PBS. The dispersion was much better than 

when using dried nanoparticles. However, the dispersions of wet nanoparticles (0.4 wt%) 

prepared using microemulsion with 12 wt% and 20 wt% of oil phases were not stable after 

20 minutes, and it was observed that nanoparticles flocculated and sedimented (Table 15). 

It was noticed that the bigger nanoparticles (prepared by microemulsion with 20 wt% of oil 

phase) sedimented faster due to the gravitation. Therefore, a surface functionalization was 

performed in order to improve the nanoparticle dispersion.  

In order to stabilize nanoparticle dispersion, surfactant had to be added or surfactant 

exchange had to be performed. Surfactant exchange is the direct replacement of the 

original surfactant with a new functional surfactant. This functional surfactant has one 

functional group capable of binding to the nanoparticle surface tightly via a strong 

chemical bond. Metal-based functional nanoparticles are typically synthesized using 

dispersing agents containing functional groups that can interact with the nanoparticle 

surface such as thiols (Brust 1994), amines (Liz-Marzan 1996, Selvakannan 2002), 

carboxylates (Wang 1999), or phosphines (Moores 2004). 
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Table 15 : Stability of Mn-Zn ferrite nanoparticles prepared in O/W microemulsions containing a 

Synperonic® 10/6 / Milli-Q Water ratio of 25/75 and 12 wt% or 20 wt% oil phase precipitated with 

NaOH (2.5 M), after several washing steps with EthOH/H2O (0, 1 and 2 washes), dispersed in Water 

and PBS solution. 

Precipitating agent: NaOH 
(2.5 M) Dispersed in Water Dispersed in PBS solution 

Washing step :         0                1              2        0                 1               2 

 
12 wt% oil 

phase 

Visual 
observation  

 
t=0min 

 

Visual 
observation  

 
t=20min 

 

20 wt% oil 
phase 

Visual 
observation  

 
t=0min 

 

Visual 
observation  

 
t=20min 

 

o In-situ surface modification for dispersion in aqueous 

solution 

The in-situ inorganic nanoparticle functionalization in O/W microemulsion has not been 

reported in the literature so far. Consequently, our objective was to prove the concept of in-

situ nanoparticle functionalization in O/W microemulsions and see if this nanoparticle 

modification may lead to an improvement of dispersion stability. In theory, nanoparticle 

functionalization in the O/W microemulsion may be enhanced since the nanoparticle 

aggregates in microemulsion are much smaller than after isolation (centrifugation and 

washing cycles) due to its oily nanosize droplets stabilized by surfactant used as a confined 

media for nanoparticle precipitation. Therefore, the functionalization of individual 

nanoparticle (or at least smaller aggregates) may be achieved. The nanoparticle 

functionalization and their dispersions were carried out following the procedure described 

in Experimental section (III.3.5.1). It was found that the combination of oleic acid and Brij 

96 V was efficient to obtain a stable aqueous dispersion. Hence, two different 
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interpenetration of hydrocarbon chains and the ethoxylated polar head of the Brij 96V 

promotes good affinity of the surrounded water molecules by formation of hydrogen 

bonds. 

 
Figure 152 : Suggested scheme of the nanoparticle functionnalization with oleic acid and Brij 96V 

 

The same procedure was employed for dispersing the magnetic nanoparticles in PBS 

(Phosphate Buffer Solution, pH=7.42) which is normally used for biomedicine applications 

since it corresponds to physiological conditions. In Table 17, visual aspect of the 

nanoparticle dispersion prepared in microemulsion with 12wt% oil phase is shown. As 

previously, the general conclusion is that the in-situ nanoparticle functionalization with 

both dispersing agents (oleic acid and Brij 96V) improved significantly the nanoparticle 

dispersion. Again, the dispersion of functionalized nanoparticles without any washing step 

was stable for weeks. However, after one washing step, the dispersion is stable for one day 

but after that a small amount of nanoparticles started to sediment. However, comparing to 

the NP dispersion containing no steric stabilization, the dispersion was more stable. This 

result may be optimized by adjusting the nanoparticle concentration and the pH value.  
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It was also interesting to disperse magnetic nanoparticles in organic solvents in order to 

envisage other potential applications such as preparation of hybrid nanocomposites (Savva 

et al. 2012). Thus, dispersability of nanoparticles in organic solvents was investigated 

using Ethyl Acetate and Tetrahydrofurane.  

o In-situ surface modification for dispersion in organic 
solution 

Nanoparticles (dTEM=2.4 nm) were dispersed in Ethyl Acetate by means of in-situ surface 

modifications with several compounds (Table 21). The most stable nanoparticle 

dispersions were obtained using an in-situ surface functionalization with 12-

Hydroxystearic acid, with oleic acid as well as the combination of oleic acid and 

oleylamine. In contrast, AOT was not efficient using 0.58 wt% wet nanoparticles as 

nanoparticle flocculation occurred. Nonionic surfactants possess a better surface activity 

onto the Mn-Zn ferrite nanoparticles than the anionic surfactant (AOT). Even after two 

washing cycles with EtOH/H2O, the nanoparticle dispersion remained stable for weeks.  
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Table 21 Stability of Mn-Zn ferrite nanoparticles prepared in O/W microemulsions containing a 

Synperonic 10/6 / Milli-Q Water ratio of 25/75 and 12 wt% oil phase and precipitated with NaOH (2.5 

M), with different in-situ functionalization and dispersed in Ethyl acetate. 

Precipitating 
agent 

in-situ 
functinnalization 

 

Visual observations after 30 min 
at ultrasounds in Ethyl Acetate 

Without washing step 
[NPs]=0.46wt%         0.58wt% 

NaOH 
(2.5 M) 

- 

 
 

12- HSA 
 

 
 

Oleic 
acid/Oleylamine 

(OA/OAm) 

 
 

Oleic acid (OA) 

 
 

AOT 

 
 

 

 

Moreover, the stability of nanoparticle dispersion in THF was assessed by visual 

observation and the results are presented in Table 22. The dispersions were greatly stable 

with the in-situ nanoparticle functionalization with oleic acid and also oleic 

acid/oleylamine. However, the AOT did not have any affinity with nanoparticles and 

nanoparticles flocculated and sediment. In order to obtain a stable dispersion of 

nanoparticles, it was important to use a dispersing agent possessing affinity with the 

nanoparticle surface but also with the solvent depending on the penetration degree of 

solvent molecules between the hydrophobic chains of the surfactant. 
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Table 22 Stability of THF dispersion of Zn-Mn ferrite nanoparticles prepared in O/W microemulsions 

a containing Synperonic 10/6 / Milli-Q Water ratio of 25/75 and 12 wt% oil phase, precipitated with 

TMAH (0.5 M) 

 

in-situ functionalization  

Visual observation after 30 min at 
ultrasounds – solvent: THF 

Nº washing step with EtOH/Water : 1 
[NPs]=0.46wt%                 0.58wt% 

Precipitating agent  
 
 
 

 
TMAH (0.5 M) 

Oleic acid/Oleylamine 

 

Oleic acid 

 

AOT 

 
 

o Characterization of the most stable dispersions 
 

To understand the adsorption mechanism of the OA/Oam and 12-HSA onto the surface of 

Mn-Zn ferrite nanoparticles in Ethyl Acetate, Fourier transform infrared measurements 

were carried out on the non-functionalized nanoparticles (Figure 155a) and some of the 

functionalized nanoparticles (Figure 155b and c). In all samples, at around 3400cm-1 – 

3500cm-1, OH-stretching bonds were detected and it may be due to the ease of water 

adsorption at the oxide surface. However, in Figure 155b and c, Mn-Zn ferrite 

nanoparticles functionalized with OA/OAm and 12-HSA exhibited various new bands 

compared to the non-functionalized nanoparticles. Intense bands were detected at 2924 cm-

1 and 2852 cm-1, which were attributed to the asymmetric and symmetric CH2 stretching, 

respectively. In addition, for both functionalized nanoparticles, bands at 1560 cm-1 and 

1460 cm-1 were detected and attributed to the characteristic asymmetric and symmetric 

stretching bonds of the carboxylate COO-(asym (COO-) and sym (COO-)).  
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Figure 156 : Scheme of the chelating bidentate coordination complex between the metal surface (M) 

and carboxylate head 

 

Moreover, in Figure 155c, nanoparticles functionalized with 12-HSA, a slight band at 

1700 cm-1 was detected, characteristic band of C=O carbonyl group which indicated that an 

excess of 12-HSA was presented in the sample. 

TGA analyses were also carried out in order to complete the characterization of the 

functionalized nanoparticles and estimate fatty acid adsorbed onto the nanoparticle surface 

(Figure 157).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 157 : TGA data for a) Mn-Zn ferrite nanoparticles, b) Mn-Zn ferrite NPs functionalized with 

OA and OAm, c) Mn-Zn ferrite nanoparticles functionalized with 12-HSA 

 

At 500ºC, the weight loss of Mn-Zn ferrite nanoparticles was 15 wt%. However, the 

weight loss corresponding to the sample b) functionalized with OA/OAm was 49 wt% and 

that of sample c) functionalized with 12-HSA was about 46 wt%. This meant that the mass 

of OA/Oam adsorbed onto the nanoparticle surface was 39 wt% and in the other case 36 

wt% of 12-HSA was onto the nanoparticle surface. The dried functionalized nanoparticles 

were also characterized by TEM and the micrographs are presented in Figure 158. 
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Figure 158 : TEM micrograph of a) dried Mn-Zn ferrite nanoparticles functionalized with OA-OAm 

and b) dried Mn-Zn ferrite nanoparticles functionalized with 12-HSA. 

 
By TEM, isolated particles as well as clusters were observed for both samples 

(functionalized with OA/Oam and 12-HSA). The small size population was detected with 

radius around 5-15 nm. Mn-Zn ferrites functionalized with OA/Oam and dispersed in Ethyl 

Acetate were also characterized by TEM (Figure 159). 

 

in-situ functionalization with 
Oleic acid/Oleylamine  
[NPs in %wt] = 0.58  

Solvent: Ethyl Acetate

Hydrodynamic radius Functionalized Nanoparticle observed by HRTEM 

Oil phase 
content used 

inME: 
12wt% 

 
 

Precipitating 
agent:  
NaOH 
(2.5 M)  

 
 
 

 
 

Figure 159 : Hydrodynamic radius obtained by DLS and HRTEM micrograph of Mn-Zn ferrites 

functionalized with OA/Oam and dispersed in Ethyl Acetate. 

 

Figure 159 displays the well-dispersed nanoparticles functionalized with oleic acid in 

Ethylacetate. In addition, dispersion was with low polydispersity and the hydrodynamic 

radius was ~75 nm. It was clearly detected that the hydrodynamic radius was much higher 

than the nanoparticle size observed by TEM due to the solvatation water shell and probably 

slight agglomeration. Moreover, no contrast agent was used in TEM micrograph, hence the 

surfactant capping could not be observed.  
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Comparing the dispersion of the same nanoparticles dispersed with ethylacetate (Figure 

159), the obtained Rh was much higher ( Rh ~ 300 nm) in THF (Figure 160) than in 

Ethylacetate (~ 75 nm).This observation may be explained by a better affinity of the 

hydrophobic chains of the surfactants with the surrounding THF molecules than with Ethyl 

acetate since ether bonds are generally less polar than esters decreasing its affinity with the 

hydrocarbon chains of the dispersing agents. Thus, although nanoparticles were relatively 

well dispersed, the size of the agglomerates in Ethyl acetate suspension was larger. 
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Figure 160 : Hydrodynamic radius of Mn-Zn ferrite nanoparticles functionalized with OA/Oam and 

dispersed in THF. 

Combination of dispersing agents such as oleic acid and Brij 96V used for dispersing 

nanoparticles in aqueous medium promoted a good dispersion since only one size 

population could be detected by DLS corresponding to Rh ~ 90 nm. By HRTEM, this 

nanoparticle dispersion showed individual small and crystalline nanoparticles (Figure 

161). As a conclusion, successful nanoparticle functionalization with this dispersing agent 

combination was achieved. 
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agglomerates were more efficiently disaggregated and functionalized, although there was 

also a population around 70-100 nm (Figure 164). The smaller particles (7-8 nm) are 

probably individually functionalized nanoparticles, whilst the other population at 70-100 

nm must be functionalized agglomerates. Furthermore, the sample with higher 

Cremophor® EL content had a more important population of isolated functionalized 

nanoparticles. These results are in agreement with the good stability of the dispersion as 

observed by eye. In addition, the slight increase of viscosity of the dispersion medium by 

adding Cremophor® EL may also contribute to the stability of the dispersion. 

As a conclusion of this part, the in-situ functionalization Mn-Zn ferrite nanoparticles in the 

Oil-in-Water microemulsion media which has not been reported so far in the literature 

showed a promising and efficient potential in order to obtain a stable and homogeneous 

nanoparticle dispersion in either aqueous or organic solvents. 
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IV.4. Formation of nanoparticles in Oil-in-Water microemulsion: 

preliminary mechanistic studies 

 IV.4.1. Identification of nucleation site 

The concept of using the Oil-in-Water (O/W) microemulsion reaction media for preparing 

various types of inorganic nanoparticles has been demonstrated for a variety of nanomaterials. 

However, efforts have to be carried out in order to understand the mechanism of nanoparticle 

formation in the o/w microemulsion media. Identifying the nucleation site in the O/W 

microemulsion media was the first objective. The hypothesis is that nucleation site occurs at 

the oil-water (o-w) interface since the precipitating agent (or reducing solution) is added in 

the aqueous continuous phase and the organometallic precursors are dissolved in the oil drops. 

Diffusion of OH- ions (or Se2- in case of ZnSe) in the continuous phase towards the oil-water 

interface where the precursor is thought to be adsorbed, will produce the encounter of these 

species and as a consequence the formation of the first nuclei may occur. The next objective 

was to define more precisely the nucleation site at the o-w interface since it may occur at 

either the water side or the oil side. Moreover, assuming that the reaction occurs at the o-w 

interface where the surfactant is adsorbed, it should be taken into account that its role may be 

important in the nucleation and nanoparticle growth. Many parameters have to be taken into 

account to assess the mechanism of nanoparticle formation. 

The first objective was to design a system possessing o-w interface which may be as much as 

similar to the O/W microemulsion interface (Figure 165). For these reasons, four systems of 

two immiscible phases composed of water and oil phase (hexane and Zn-EH precursor) 

without surfactant were designed using the same weight ratio employed in the nanoparticle 

synthesis presented previously (%W/O: 82.17/ 17.83). In two of them, one drop of surfactant 

was added (0.2 wt%) in order to assess its interfacial action, whilst still keeping immiscible 

the oil and water phases. In addition, another key parameter is the way NaOH was added to 

the system, and this was varied since it led to important changes in particle formation. In 

Figure 166, a scheme of these four strategies is presented. 
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Figure 165 : Focus on the oil-water interface of the O/W microemulsion media  

 
 

 
Figure 166 : Schemes of different strategies used for evidencing the mechanism of nanoparticle formation 

 

In systems 1 and 2, NaOH was added from the top, hence, it was contacting first the oil phase 

and then by gravity it would fall into the water phase. On the contrary, in systems 3 and 4, the 

pipette containing NaOH was first incorporated in the water phase, before releasing the NaOH 

drop, in order to avoid any contact with the oil phase. 

Figure 167 presents the visual observation of the fast particle formation after adding NaOH in 

system 1. This system did not contain any surfactant. The drop of NaOH was spread over the 

o-w interface and instantaneously, the first germination was observed at the interface in the 

water side. Then, after 3 minutes of observation, it seemed that the nanoparticles developed 

more affinity with the oil phase. This phenomenon may be due to their stabilization by 

surfactant adsorption which possesses a partition coefficient between water and hexane 

(Catanoiu et al. 2011). As a consequence, the particle growth occurred at the o-w interface, 

but now in the oil side. The o-w interface turned bigger due to the presence of non-

homogeneous particle growth. 
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Figure 173 : Scheme of the mechanism of ZnO nanoparticle formation in the O/W microemulsion media  

 
The same experiments were carried out by replacing the Zn-2EH precursor by Ce-2EH 

precursor and the CeO2 particle formation was followed by visual observation. In this case, 

only two systems were performed designated previously as systems 3 and 4.  

As discussed previously in case of ZnO formation, without surfactant, no control of 

nanoparticle growth was observed whereas in the presence of surfactant the nucleation of 

CeO2 initiated also at the o-w interface, on the water side and then, the nanoparticles were 

transferred through the interface to the oil side as clearly shown in Figure 174. Hence, the 

same conclusions were drawn for this material: it could be confirmed that the formation of 

nanoparticles occurred at the o-w interface, on the water side and then, nanoparticles go to the 

oil phase by surfactant action which may be due to its .  
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Figure 174 : Visual aspect of the o-w interface with and without surfactant  

 
Furthermore, in order to confirm these observations, the affinity of the nanoparticles with 

water and oil phase was assessed. For that purpose, dried nanoparticles prepared in the o/w 

microemulsion reaction method were pressed under 10 tons for 10 seconds in order to form a 

pellet. One drop of each phase (hexane and water) was added carefully on the surface and the 

contact angle was followed visually. Both liquids spread completely onto the surface of the 

pellet. This test showed that nanoparticles had basically the same affinity with oil and water, 

with a slightly faster spreadability with hexane. As a conclusion, the contact angle with both 

phases was very small and it could not be measured. This contact angle was also of interest 

for the calculation of the energy barrier necessary for the formation of the first nuclei. 

 IV.4.2. Control of the nanoparticle size in the microemulsion media 

 
Inorganic nanoparticles with a low polydispersity and small size were obtained using the O/W 

microemulsion reaction method. Low polydispersity means that fast nucleation occurred 

simultaneously in the microemulsion media and hence further growth occurs at the same rate 

for all nuclei as well. The first stage of simultaneous nuclei formation may be due to the 

thermodynamic equilibrium where oil and water are microdomains intimately mixed leading 

to a homogeneous nucleation. The stage of nanoparticle growth occurring at the same rate 

could be correlated to the presence of surfactant, playing a stabilizing role by its adsorption 

onto the nanoparticle surface. In addition, upon reacting with OH- ions the organometallic 

precursor release ligands (2-ethylhexanoate) which were initially soluble in oil phase. This 

ligand may have also affinity with the nanoparticle surface and act as a stabilizer in the oil 

phase. This would explain that the nanoparticles were transferred to the oil phase after 

reacting with OH- at the o-w interface as observed in Figure 174.  

 

With Surfactant Without Surfactant 
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In addition, the nature of the precipitating agent possessing different base strength also 

influenced the nanoparticle size, as observed in the synthesis of Mn-Zn ferrite 

(Fe2Mn0.5Zn0.5O4) magnetic nanoparticles. Indeed, to reach the same final pH (�12) it was 

necessary to incorporate more TMAH (0.5M) which is a weaker base than NaOH (2.5M). 

Hence, the microemulsions with TMAH as precipitating agent became more diluted 

promoting a general decrease in surfactant concentration leading to a bigger droplet size with 

lower specific surface area. Precipitation reaction occurred at o-w interface so this dilution in 

the system affected the nanoparticle formation. Lower specific area led to lower active sites 

where nuclei formation may be stimulated. The nucleation rate will be less important than the 

nanoparticle growth rate. Therefore, bigger nanoparticles are formed with TMAH as 

compared with NaOH.  

Another parameter which is playing an impotant role in the size of nanoparticles is the 

concentration of the oil phase. Indeed, in microemulsions containing the same S/W weight 

ratio (25/75) bigger nanoparticles were obtained with higher oil concentration (20%) than in 

those with lower (12 wt%). This may be correlated to the explanation given previously 

regarding available interfacial area in the droplets, since the increase in oil concentration leads 

to bigger droplet size; hence the overall specific interfacial area is reduced promoting the 

decrease of active sites. Thus, the growth step will be more important in the sample with 20 

wt% oil phase, and nanoparticles will grow bigger than the sample with 12 wt% oil phase as 

observed in the preparation of Fe2Mn0.5Zn0.5O4 nanoparticles. Increasing the oil concentration 

also led to an increase of organometallic precursor concentration. It is well known that higher 

precursor concentration leds to larger particles, hence nanoparticles will be bigger; growth by 

Ostwald ripening will also be more important. As observed, various parameters have an 

important role in the nanoparticle size.  

Intrinsic parameters of the microemulsion system such as microemulsion dynamics may also 

play a role in nanoparticle growth and/or nanoparticle agglomeration/self-assemble. The 

dynamics of a microemulsion system essentially depends on the ease of interface distortion. 

This property does not depend only on the nature of surfactant and its affinity with the water 

and oil phases but also on the adsorption of any other components at the o-w interface such as 

organometallic precursor as well as on the microemulsion structure. In the present study, the 

incorporation of different types of organometallic precursors may promote different ion 

strength (Najjar et al. 2009) in the system varying the microemulsion dynamic properties. In 
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addition, the microemulsion region as observed in section IV.3.1 was very narrow which may 

be caused by a low flexibility of the o-w interface. This property may be advantageous since a 

better size control and low microemulsion dynamic properties may be obtained. However, 

increasing the oil phase content led to a change in microemulsion structure: from discrete 

droplet O/W microemulsions to bicontinuous microemulsions. This structure change 

exhibited a change in nanoparticle shape of ZnO (from round shape nanoparticles to 

nanowires). The bicontinous microemulsion in which the organometallic precursor 

concentration is high provides many nucleation sites near to each other, and then due to their 

proximity they may coalesce forming bigger nanoparticles along the extended o-w interface 

resulting in a preferential growth direction. 

In the literature (Destrée 2006), it is reported that the control of nanoparticle size may 

be due to two different mechanisms: kinetic and thermodynamic stabilization. Indeed, it may 

be possible that when the nanoparticle reaches a critical size (thermodynamic radius), it 

remained stable, this would also explain the homogeneity in nanoparticle size in the 

microemulsion systems. However, the mechanisms of inorganic nanoparticle formation in o/w 

microemulsions are not disclossed yet. Mechanisms of reaction and nanoparticle formation 

occurring in the traditional w/o microemulsion method have been proposed (Lopez-Quintela 

et al. 2003, Destrée 2006, Holmberg 2004). However, even though both approaches are based 

on microemulsions, the mechanism must be different since in the traditional w/o 

microemulsion method, the precipitating agent is usually added by means of a second w/o 

microemulsion. Thus, droplet-droplet interactions, such as droplet collisions and fusion are 

the most important parameters in the formation of nanoparticles. In the O/W microemulsion 

method, due to the incorporation of precipitating agent directly in the external phase of the 

microemulsion system, wettability at the interface and OH- diffusion to the o-w interface 

should be important (Figure 168).  

IV.4.3. Suggested mechanism of self-assembled nanoparticles  

This part focused on suggested mechanisms of self – assembled nanoparticles into various 

shapes occurred in these present studies for instance in ZnO nanoparticles. Various 

parameters have to be taken into account to gain comprehensive understanding of this kind of 

self-assembled formation. On one hand, the system type (microemulsion and structure) may 

play a role and on the other hand, the inorganic material nature and its physical and chemical 

properties, the nature of solvent and precipitating agent and their contents, the pH value of the 
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media (increase the ion strength in the system) may also influence the self-assembled 

nanoparticles. 

First of all, the use of microemulsion system as confined reaction media may produce smaller 

nuclei promoting smaller nanoparticles. As a consequence, the self-assembled structure may 

result smaller also. For example, it was detected that with sol-gel method (Pong 2012), self-

assembled ZnO nanoflowers with petal diameter ~ 200-250 nm was synthesized whereas 

using the o/w microemulsion, petals assemblies were in the order of ~10 nm. This may stress 

the reaction confinement in the o/w microemulsion reaction method.  

Moreover, change of the microemulsion structure (from discrete o/w microemulsion to 

bicontinuous) showed up a change of nanoparticle self-assemblies. This may be related not 

only to the microemulsion dynamic properties (especially droplet collisions) but also to the 

concentration of organometallic precursors since the formation of bicontinuous 

microemulsion needs high content of aqueous and “oil” phase. The concentration increase of 

organometallic precursor salts and of the precipitating agent in the system may participate to 

the increase of the dynamism of the microemulsion due to its interfacial activity (de Oliveira 

2011) leading to high droplet collisions favouring the material exchange present at the o-w 

interface. As a consequence, agglomerates of nanoparticles may occurred. However, this may 

be not the only explanation of nanoparticle self-assemblies since using the same 

organometallic precursor (Zn-2EH) in bicontinuous microemulsion to form different natures 

of nanoparticles (ZnO and ZnSe) did not give rise to the formation of the same agglomerate 

shape. Indeed, ZnO permited the nanowire formation and ZnSe formed round shape 

agglomerates. By these observations, the nature of materials possessing different crystal 

structure phase may have a role in the self-assemblies. Note that the thermodynamically stable 

crystal structure of ZnO is wurtzite (hexagonal crystal structure) and ZnSe is the cubic crystal 

phase. Hence, ZnO possess already an anisotropic growth along c-axis. It has been reported 

by Kenanakis (Kenanakis 2009) that ZnO nanowires were growing along this c-axis. 

Pacholski et al. suggested that oriented attachment of preformed quasi-spherical ZnO 

nanoparticles possess polar facets should be a major reaction path during the formation of 

single crystalline nanowires (Pacholski 2002). The nanoclusters aggregate into larger 

secondary spherical particles in order to minimize their surface energy. Then these secondary 

spherical particles further collide and merge with each other to form multimers (e.g., dimers, 

trimers, etc) by random Brownian motion. The bottlenecks between the attached adjacent 

nanoparticles were later filled up and the nanowire surfaces were thus, smoothened by 

Ostwald ripening (Pacholski 2002). The growth of polar inorganic nanocrystals is sensitive to 



 __________________________________  IV. RESULTS AND DISCUSSION 
 

Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications  225 
 

the reaction solvents, and their morphologies could be tuned and controlled by the crystal–

solvent interfacial interactions (Cheng 2004). In such cases, the morphology of ZnO is largely 

directed by the polarity and saturated vapor pressure of the solvents (Zhang 2002). The aspect 

ratio of ZnO nanowires, which is related by the relative growth rates of polar and nonpolar 

surfaces, can be tuned by varying the polarity of the solvents. Highly polar solvent molecules 

have stronger interactions with the polar surfaces of ZnO, and thus hinder the germination 

from adsorption onto the polar surfaces. By these observations, it can be understood that, for 

reaction in O/W microemulsion the germination adsorption onto the polar surface of ZnO may 

be reduced due to its higher water content leading round shape nanoparticles whereas in 

bicontinuous, in which water content is minor, it is able to be adsorbed onto the polar surfaces 

leading to preferential growth.  Nanoplatelets were also formed leaving in time the system 

containing nanowires. This may be formed by the Ostwald ripening phenomenon. As 

observed, various parameters may be important for the formation of nanoparticle self-

assemblies. The question is to find the right compromise between all these parameters in order 

to obtain the desired shape of self-assemblies.  

In addition, interesting transformation was observed in this work investigation. At acidic pH, 

nanowires transformed into smoothed transparent and flexible microtubes. ZnO nanoparticles 

must be soluble in acidic pH due to its amphoteric oxide nature. Then, by applying 

ultrasounds, preferential chemical dissolution of the metastable Zn-rich (0001) polar facets 

may have occurred (Vayssieres 2001) and may promote the formation of lamellar 

organization forming polar surfaces on which ions adsorbed may be easier and increasing 

interactions with the other surface promoting a rolling-up with hollow cavities. It was clearly 

observed on SEM micrographs that various thin lamellar layers were rolled-up to form these 

assemblies.  
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The potential of the novel O/W microemulsion reaction method for the synthesis of 

nanostructured metal oxides and chalcogenides has been demonstrated. The formation of O/W 

microemulsions using biocompatible non-ionic surfactant has been investigated first in order 

to obtain a comprehensive understanding in their role as reaction media. Moreover, influence 

of microemulsion composition, nature of the precipitating agent, temperature and metal molar 

ratio on nanoparticle characteristics has been investigated in this work as well. Different types 

of oxide nanoparticles have been prepared such as mixed oxide with two and three metals 

incorporated in a single crystalline structure such as spinel, as well as hybrid nanomaterials 

comprising mixtures of oxides. A high control of nanoparticle size was obtained by using the 

O/W microemulsion reaction method, which may lead to a better reproducibility of 

nanoparticle efficacy in potential applications. In fact, the obtained nanoparticles have shown 

a promising performance in catalysis and photocatalysis; good dispersion in physiologic 

media for magnetic nanoparticles which may lead to their application as contrast agents in 

biomedicine; and electrical properties which may be of interest for their applications in diodes 

and solar cells. Finally, a mechanistic study has been carried out in order to identify the 

nucleation site in the O/W microemulsion media and understand the formation of 

nanoparticles by this method. 

 

Microemulsion formation and characterization. The phase behavior of Water / 

Synperonic® 10/6 / Hexane (with and without Ce(III)-2EH organometallic precursors) was 

carried out at different temperatures (from 25ºC to 35ºC). A region of isotropic and 

transparent solution was observed corresponding to microemulsion formation. This 

microemulsion region was slightly narrower in the presence of organometallic precursor 

which means that less oil phase could be solubilized. The thinness of microemulsion region 

may be due to the restriction of its surfactant film curvature promoting a rigid oil-water 

interface and resulting in well-defined droplet structure independently on the presence or 

absence of the precursor. Moreover, the temperature at which microemulsions were formed 

decreased considerably in the presence of precursor caused a decrease in the THLB of the 

system. The high electrical conductivity values obtained for microemulsion containing high 

water content were indicative of an oil-in-water microemulsion structure. At higher 

temperatures and/or lower water concentration the formation of bicontinuous microemulsion 

was confirmed by DOSY 1H NMR. The most remarkable difference between the systems with 

and without precursor was the presence of bicontinuous or water-in-oil microemulsion at 

25ºC with the system without precursor, which could incorporate up to 60 wt% hexane in the 
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microemulsion. In addition, the droplet size was assessed using the dynamic light scattering. 

It was found that incorporation of organometallic precursor in droplets led to a slight increase 

in size (from RH = 3.7 to 4.6 nm).  

 

Synthesis of nanoparticles with catalytic application  
Synthesis of mixed Cu/Ce oxide nanoparticles. Metal oxide nanoparticles containing copper 

and/or cerium were prepared by the O/W microemulsion reaction method. Mixed Cu/Ce oxide 

nanoparticles with fluorite type cubic (FCC) crystal phase were obtained. Nanoparticles 

possessed a globular shape and a characteristic size ~ 2-3 nm and only one homogeneous 

phase was detected up to Cu/Ce molar ratio of 30/70 and corresponded to the mixed Cu/Ce 

oxide nanoparticles. In contrast, with Cu/Ce molar ratio of 35/65 up to 50/50, a mixture of two 

types of phases with different shape was obtained: the main phase was composed of globular-

shape Cu/Ce mixed oxide and the minor phase consisted of monoclinic CuO phase with the 

shape of elongated, thin tapes. Magnetic properties of the Cu/Ce mixed oxide were assessed 

and it was detected that increasing the Cu loading in the CeO2 lattice promoted to a great 

enhancement in magnetization response. However, calcination of material led to a decrease in 

the maxima magnetization which may be due to the difference of cation distribution in the 

sample and/or decrease of lattice defects. In addition, it was detected by H2- TPR studies that 

the material possessed two types of Cu reduction which may be due to different positions of 

Cu in the CeO2 lattice; that is, the presence of Cu both strongly and weakly associated within 

the CeO2 lattice.  

Thes mixed Cu/Ce oxide nanoparticles with two Cu/Ce molar ratio (10/90 and 20/80) were 

used as catalysts in Water Gas Shift reaction. It has been observed that nanoparticles were 

active. Indeed, at high temperature (T=370ºC), the most efficient catalyst was Cu/Ce mixed 

oxide containing Cu/Ce molar ratio equal to 20/80 with CO conversion of ~ 90% which may 

be related to the high Cu content in the material. However, the efficiency of  the other catalyst 

containing Cu/Ce molar ratio equal to 10/90 was improved at lower temperature (T=220ºC) 

since CO conversion obtained was ~ 40% after calcination at 650ºC whereas for the catalyst 

containing 20/80 Cu/Ce molar ratio conversion was less than 10%.  

 

Synthesis of mixtures of Cu(OH)2 / ZnO and CuO / ZnO nanoparticles. The mixture of 

Cu(OH)2/ZnO and CuO/ZnO nanoparticles were also prepared by the O/W microemulsion 

reaction method. Mixture of Zinc oxide and Copper oxide (Cu/Zn molar ratio: 1/1) prepared 

in the O/W microemulsion led surprisingly to the formation of ZnO and Cu(OH)2 
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nanoparticles, even though the latter material is generally not stable. It was detected that ZnO 

nanoparticles played a role of stabilizing Cu(OH)2 nanoparticles possessing a characteristic 

light blue colour.  

Unlike Cu/Ce oxide, the single-phase mixed oxide could not be obtained, probably due to 

large differences in the type of crystalline structure formed by these elements. The obtained 

CuO/ZnO hybrid nanostructures formed nanoparticles self-assembled into flower-like 

structures growing in the same preferential direction. This material was interesting as catalysts 

in the Water Gas Shift reaction as the previous material, as well as in the glycerol 

hydrogenolysis reaction since the O/W microemulsion reaction method may lead to a synergy 

at the interjunction of the two oxides and may promote high activity of the catalyst.  

 

 Synthesis of Al2(OH)3, Al2O3 and SiO2 nanoparticles. Al2O3 and Al2O3/SiO2 (55/45) 

nanoparticles with SBET= 184 m2/g (when calcined at 800ºC) were also obtained in the O/W 

microemulsion media incorporating co-solvents to help the dissolution of metal precursors 

TEOS and Aluminum isopropoxide. This material was mainly used as catalytic support due to 

its thermal stability and due to its acidic sites which may create a synergy with catalysts 

impregnated. In this study, the mixture of Al2O3 / SiO2 nanoparticles has been tested as a 

catalytic support in the Hydrocracking of hexadecane. However, a low catalytic activity has 

been observed compared to a commercial support after impregnation with 2% Pt. Due to the 

low specific surface area of the material and low catalytic activity of the obtained material, 

characterization of the microemulsion system should be carried out in order to understand the 

properties of the materials.  

 

Synthesis of semi-conductor nanoparticles  

Synthesis of ZnO and ZnO2 nanoparticles. Preparation of ZnO and ZnO2 nanoparticles 

was performed using the O/W and bicontinuous microemulsion reaction methods at room 

temperature. ZnO nanoparticles possessed wurtzite hexagonal crystal structure whereas ZnO2 

nanoparticles presented cubic crystal structure. TEM and SEM characterization showed that 

ZnO nanoparticles prepared by precipitation with NaOH (2.5M) self-assembled into flower-

like nanostructures, whereas ZnO2 nanoparticles prepared by precipitation with both NaOH 

and H2O2 self-assembled into smaller, raspberry-like structures. Calcination of ZnO2 

nanoparticles led to the formation of ZnO nanoparticles and the raspberry-like self-assembled 

structure was maintained. Therefore, two chemical pathways could be used to prepare ZnO 
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nanoparticles possessing different nanoparticle characteristics. According to the nanostructure 

shape, their physical properties may be tailored, widening the range of potential applications. 

Isoeletric point (IEP) of two of these ZnO materials possessing different shapes (nanoflowers 

and nanowires obtained in O/W and bicontinuous microemulsions, respectively) was 

investigated. The nanowires possessed higher IEP than the ZnO nanoflowers. This difference 

may be due to differences of surfactant residue adsorbed onto the nanoparticle surface, and/or 

the presence of different exposed facets on the surface of nanocrystals, since these will have 

different surface energies. Interestingly, at acidic pH (pH=2.66), ZnO nanowires transformed 

into transparent and flexible ZnO microtubes. Their external cross section was ~ 0.1 mm. In 

addition it was observed that thin sheets (1.6 �m of thickness) enrolled to formregular wall 

thickness ~ 10 �m. Dried ZnO microtubes were stiff whereas addition of water to them 

promoted again swollen, transparent and flexible microtubes due to the ability of water to 

flow in the core of the ZnO microtubes. The hydration of microtubes was then reversible. 

Finally, ZnO nanoparticles with various shapes were tested as photocatalysts in the 

degradation of Rhodamine B under UV light. It was found that ZnO nanowires possessed a 

very high efficiency since nearly 100% degradation was obtained after 40 min, whereas the 

two other ZnO materials (nanoflowers and nanoplatelets) exhibited a high efficiency (~80-

90%) at 80 min, which was comparable with other ZnO materials from the literature. This 

result is probably due to the higher surface area of ZnO nanowires compared to the other 

materials.   
 

Synthesis of the chalcogenide: ZnSe nanoparticles. The previous investigations 

demonstrated that the Oil-in-Water microemulsion reaction method is a suitable method to 

prepare different types of metal oxides. This method was then extended to the preparation of 

other type of semi-conductor such as Chalcogenides. ZnSe nanoparticles were successfully 

prepared using the bicontinuous microemulsion under inert atmosphere. Our interest was to 

use the bicontinuous microemulsion with “sponge-like” structure to prepare a continuous 

framework of II-VI semi conductor (Zinc Selenide). The advantage of using this 

microemulsion structure instead of oil-in-water microemulsion is that it may lead to a 

continuous framework with high porosity and better mass and charge transport. Nanoparticles 

with round shape and a size of ~2-3 nm were obtained. They possessed a cubic crystal phase 

(FCC). In contrast with ZnO, ZnSe nanowires were not obtained which may be explained by 

the difference in the crystal structure. Indeed, ZnO possessed an hexagonal crystal phase with 

a preferential growth along the c-axis whereas ZnSe has a cubic crystal phase. However, it 
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was detected by SAXS a slight organization in nanoparticles which could not be confirmed by 

TEM. FIB technique should be used to confirm the organization in ZnSe nanoparticles.  

 
Synthesis of magnetic Mn-Zn ferrite nanoparticles  

Mn-Zn Ferrite nanoparticles with a spinel structure with a narrow size distribution were 

prepared using the Oil-in-Water (O/W) microemulsion reaction method under soft conditions. 

The particle size, crystallinity and magnetic properties of the materials were tailored by 

varying the oil-in-water microemulsion composition and the precipitating agent. Increasing 

the oil concentration up to 20 wt% (at constant S/W weight ratio of 25/75), the Mn-Zn ferrite 

nanoparticles were larger (9.4 nm) than those prepared using the microemulsion containing 12 

wt% oil. In addition, at constant microemulsion composition (S/W weight ratio of 25/75 and 

12 wt% oil phase), the use of TMAH as a precipitating agent resulted in larger nanoparticles 

than using NaOH (5.2 nm vs 2.4 nm, respectively). XRD studies indicated that the as-

obtained materials had the characteristic reflections for spinel nanocrystalline structure, and 

the crystallite sizes estimated were in good agreement with the results from TEM. The 

possibility to obtain a small and tailored particle size and good crystallinity, resulted in 

superparamagnetic behavior of the materials, as well as tunable MS and Tb. Hence, the 

material synthesized using NaOH and 12 wt% oil, which had the smaller particle size, 

resulted in the lowest Ms and Tb. Accordingly, the material synthesized using TMAH and 20  

wt% oil, which had the largest particle size, resulted in the highest Ms and Tb. This work 

demonstrates that nanoparticles of complex ceramics such as mixed oxides with a spinel 

structure can be obtained by the O/W microemulsion reaction method under soft conditions. 

Furthermore, it has been shown that the particle size with a narrow distribution of the 

materials obtained by this method can indeed be tailored by varying the composition of O/W 

microemulsions. Finally, it was demonstrated that the nature of the precipitating agent plays a 

very important role in the characteristics of the materials obtained. 

 

Mechanistic study of nanoparticle formation  

Understanding the mechanism of formation of nanoparticles in the O/W microemulsion media 

was considered of interest since it is had not been studied yet in literature. Our hypothesis is 

that nucleation site occurred at the oil-water (o-w) interface since the precipitating agent (or 

reducing agent in case of ZnSe) is added in the aqueous continuous phase and the 

organometallic precursors are dissolved in the oil droplets. As a consequence, by diffusion of 

OH- (or Se2- in case of ZnSe) in the continuous phase towards the o-w interface where the 
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precursor may be adsorbed, the first nuclei will be produced. A system composed of two 

immiscible phases (water and hexane) containing low concentration of surfactant in order to 

focus on its interfacial activity was designed. After adding the precipitating agent in the 

aqueous phase, it was clearly demonstrated that the first nuclei appeared at the o-w interface, 

on the water side. A thin nanoparticle layer at the o-w interface was formed. This meant that 

surfactant may play a role of stabilizer against nanoparticle growth and reduce nanoparticle 

agglomeration. In addition, after the metal cations react, the release of 2-ethylhexanoate 

ligands from the metallic precursor may also play a stabilizing role, thanks to the carboxylate 

chemical function which may be easily adsorbed onto the surface of nanoparticles. 

Furthermore, it was observed that nanoparticles were partially transferred to the oil phase 

which may be due to the surfactant partition between aqueous and oil phase. In addition, this 

observation may be linked to the precursor ligand properties since its hydrocarbon chains had 

a good affinity with hexane. If the precursor ligand was adsorbed onto nanoparticle surface 

then nanoparticles can easily be transferred to the oil phase. On the other hand, systems 

containing only water and hexane in which the metallic precursor was dissolved without any 

surfactant showed up a non-control of nanoparticle growth after adding precipitating agent in 

the aqueous phase. Indeed, nanoparticles remained at the oil-water interface; however, they 

became very agglomerated very quickly. This pointed out the crucial role of surfactant in the 

control of nanoparticle growth, reduces nanoparticle agglomeration and aiding their transfer 

into the oil phase.  

 

General conclusions. The concept of using the Oil-in-Water microemulsion reaction method 

for the preparation of various types of inorganic nanoparticles which had been recently 

reported has been demonstrated for oxide, mixed oxide with two and three metal cations and 

metal chalgenide synthesis; furthermore, it provided advantages compared to other 

preparation methods. Indeed, due to its continuous aqueous phase, this method is qualified to 

be more environmentally friendly and less costly than methods using organic solvents as 

continuous phase, such as the water-in-oil microemulsion and the solvothermal methods. 

These aspects promote an interesting opening towards industrial applications. The interest of 

this reaction method in mild conditions is high since nanoparticle size with a narrow 

distribution; crystalline nanoparticles and good reproducibility in their characteristics have 

been obtained. Furthermore, it has been shown that the particle size with a low polydispersity 

of the materials obtained by this method can be tailored by varying the composition of O/W 

microemulsions, nature of the precipitating agent and the precursor concentration. 
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Several aspects of this research project could be benefited from further investigation. These 

aspects are detailed below.  

-Microemulsion formation:  

-Incorporation of co-surfactant of different nature in the microemulsion systems with and 

without organometallic precursors may be interesting in order to assess its influence on 

microemulsion formation and compare the nanoparticle properties prepared in these systems. 

Preliminary studies were carried out to select a potential cosurfactant. Hence, incorporation of 

Butan-2ol gave interesting wide range temperature for which the microemulsion was 

obtained. In addition, incorporation of charged surfactants (such as cationic) may be of 

interest to find out if an enhancement in crystallographic properties (crystallinity, preferential 

crystal growth) of the obtained nanoparticles is gained by its selective adsorption onto crystal 

facets. 

-Microemulsion characterization: 

More studies have to be carried out to understand better the dynamics of this novel o/w 

microemulsion in order to gain a comprehensive understanding of nanoparticle formation in 

this reaction media. Hence, deep studies with SANS (Small Angle Neutron Scattering) 

measurements and PGSE 1H NMR (determination of precise diffusion coefficients) would be 

useful.In addition, the isotropic solutions obtained by incorporation of co-solvents to prepare 

Al2O3 and Al2O3/SiO2 nanoparticles have to be characterized in details in order to ensure the 

formation of microemulsions.  

 

-Nanoparticle formation: 

o Nanoparticles used in catalysis: 

Mixed Cu/Ce oxide nanoparticles at different Cu/Ce molar ratio can be of interest for testing 

them in the WGS reaction, in order to evaluate their catalytic efficiency and establish a 

relationship between Cu/Ce molar ratio with the properties and catalytic performance of the 

material. In addition, the hybrid materials made up of mixed Cu/Ce oxide with excess CuO 

phase may also bring specific properties and enhance the catalytic activity. For that purpose, 

BET, H2-TPR and H2-TPD experiments of these nanomaterials must be performed.In 

addition, magnetic properties of all these materials must be investigated in order to highlight 

any magnetization enhancements depending on Cu loading and calcination 

temperature.CuO/ZnO nanoparticles with other Cu/Zn molar ratio could be synthesized and 
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characterized in order to assess their catalytic efficiency in Water Gas Shift and in glycerol 

hydrogenolysis. 

 

o Semi-conductors: 

Photoluminescence of ZnO and ZnSe nanoparticles with various nanoparticle shapes has to be 

performed in order to characterize deeper the obtained material and stress any crystal 

defects.ZnO and ZnSe nanoparticles incorporated in a photovoltaic cell may be prepared to 

assess their efficiency. Efforts have to be focused on the formation of ZnO microtubes which 

can be very interesting in charge transport applications. The synthesis of ZnO microtubes has 

to be repeated in order to see if this formation is reproducible and more characterizations have 

to be carried out such as TEM and XRD. In addition, Photocatalytic tests have to be 

performed on the other ZnO materials possessing other shapes in order to stress any 

enhancement in photocatalytic activity. 

 

o Magnetic nanoparticles: 

Fe2Mn0.5Zn0.5O4 nanoparticles must be characterized by their Curie temperature and 

Inductance measurements since these parameters are relevant to apply them in biomedicine 

application. Their dispersion in water and PBS media was successful. Therefore, they are 

ready to be tested as contrast agent in Magnetic Resonance Imagery.  

 

o Mechanistic study of nanoparticle formation: 

Destabilized systems containing co-surfactants must be tested for following the nanoparticle 

formation at the oil-water interface as performed in this thesis in order to stress any better 

control of nanoparticle growth. In addition, these nanoparticles obtained in such destabilized 

systems have to be characterized by microscopy and XRD to point out any property changes 

compared to the nanoparticle synthesized in the o/w microemulsion medium. Theorical 

models by modelisation may be interesting to help a comprehensive understanding of this 

present system.  

Finally, the nanoparticle formation obtained in the o/w microemulsions may be studied in 

time in order to follow the kinetic formation of nanoparticles to understand the formation 

mechanism and obtain some informations on the origin of nanoparticle agglomerates. For 

that, the Stop-flow technique may be appropriate. 
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o Conductivity theory:   

-www.analytical-chemistry.uoc.gr, “Conductivity Theory and Practice”. 

-www.eutechin.com 

o Dynamic Light Scattering:   

-www.lsinstrument.ch/technology/dynamic-light-scattering-dls./  

o Powder X-Ray diffraction: 

-Henry. Louisiana State University, Science Education Resource Center, Geochemical 

Instrumentation and Analysis 

o Electron micrscopy: 

-www.nobelprize.org 

-Materials Evaluation and Engineering Inc., Handbook of Analytical method for Materials 

webpage 

o Zeta potential theory: 

-NanobioTechnology Center, Cornell webpage 

o Temperature Programme experiments: 

-GatScientific webpage 

-Sincrotone Trieste, Materials Science Laboratory, webpage 

o DOSY 1H NMR theory: 

-www.nmr.chemistry.manchester.ac.uk 
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I. INTRODUCCIÓN 

I.1. Estrategias para la preparación de nanopartículas inorgánicas e interés de 

dichas nanoparticulas.  

Un material nanoestructurado presenta al menos una dimension en el rango nanométrico (10-9 

m). La Figura 175 ilustra objetos con distintas escalas de tamaños. El interés de los 

nanomateriales reside en el efecto cuántico debido al tamaño, el cual provoca cambios muy 

interesantes en propiedades tales como magnéticas y ópticas entre otras. En este contexto, en 

los últimos años, se han estudiado intensivamente las nanopartículas inorgánicas por sus 

interesantes propiedades las cuales difieren con respecto a las que presentan un mayor 

tamaño. Así, el color de las dispersiones de nanopartículas de oro varia de rojo a negro 

dependiendo de su tamaño. Otro ejemplo es el bloqueo de la banda UV a mayores longitudes 

de onda en el caso de las nanopartículas de óxido de zinc respecto al material en “bulk”. Por 

otra parte, las nanopartículas magnéticas pueden presentar un comportamiento 

superparamagnético a un cierto tamaño crítico. Esos cambios en las propiedades permiten un 

avance significativo en el desarrollo de la nanotecnología. Las características cristalinas, 

forma, y distribución de tamaño de las nanopartículas determinan sus usos potenciales. Se 

puedan aplicar en varios campos como en catálisis heterogénea (Agrell et al. 2001), 

fotocatalísis (Wang et al. 2008) o en biomedicina como agentes de contraste en Resonancia 

Magnética de Imagen (Arulmurugan 2006). 

 
Figura 175 : Esquema ilustrator de objetos con distintas escalas de tamaños  (Courtesy by Dr. Jordi 

Esquena) 
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Existen dos estrategias generales para la preparación de nanopartículas: estrategias “Top-

down” y “Bottom-up” (Figura 176). Por un lado, el método “Top-down” traducido 

literalemente por “de arriba hasta abajo” consiste en el uso de energía para reducir el tamaño 

partiendo de materiales en “bulk”, hasta llegar a dimensiones nanométricos. Para ello, se 

utilizan varias técnicas de alta energía, como por ejemplo molino de bolas (Velasco et al. 

2012), litografía por haz de electrones (Corbierre 2005), grabado por iones reactivos (Viallet 

et al. 2008) entre otras. Por otro lado, la estrategia “bottom-up” traducida como “de abajo 

hasta arriba” usa los principios físicos y químicos de la autoagregación molecular o atómica. 

Por tanto, a partir de atómos, moléculas o “clusters” se forman las nanopartículas. 

 

 
Figura 176 : Estrategias para la preparación de nanoparticulas: Top-down y Bottom-up 

En la estrategia “Bottom-up” se incluyen dos tipos de técnicas: en fase gas y líquida. En fase 

gas, se puede mencionar la evaporación laser (Hahn 2008), sputtering (Zimmermann 2008), 

deposición de haz ionizado (Wagner et al. 2006) o spray plasma (Karthikeyan 1997) entre 

otras. En cuanto a las técnicas en fase liquida, cabe destacar las reacciones de sol-gel 

((Rahman 2012), hidrotermales (Daou 2006), de co-precipitación (Davarpanah et al. 2008) y 

en sistemas nanoestructurados como microemulsiones (Boutonnet et al. 1982, López-Quintela 

2003, Stubenrauch et al. 2008, Aubery et al. 2011). 
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I.2. Microemulsion 
  I.2.1. Definición y propiedades 

Las microemulsiones se han definido como sistemas liquidos formados por agua, aceite y 

compuesto anfífilo ópticamente isotrópico y termodinámicamente estable (Lindman 1984). La 

formación de microemulsiones fue descrita por primera vez por Hoar and Schulman in 1943 

(Hoar 1943) y el término “microemulsión” fue introducido en 1959 por el mismo autor 

(Schulman 1959). Se han generado muchos debates alrededor de la palabra "microemulsión" 

para describir estos sistemas ya que las emulsiones son cinéticamente estables, mientras que 

las microemulsiones son termodinámicamente estables. Debido a esta controversia, muchos 

científicos sugirieron utilizar los términos "micelas hinchadas" (Schulman 1959) o "emulsión 

micelar" (Adamson 1969). Sin embargo, el termino microemulsion ha prevalecido aunque el 

tamaño de las gotas no son de rango micrométrico. En la década de los años 1970, las 

microemulsiones fueron objeto de gran interés sobre todo para la recuperación terciaria o 

asistida de petróleo (Shah 1981). Hoy, se utilizan las microemulsiones para muchas otras 

aplicaciones tales como en la detergencia, cosmética, farmacéutica, y en la preparación de 

partículas submicrométricas. En los últimos 20 años el estudio de las propiedades de las 

microemulsiones tales como estructura, propiedades dinámicas, rigidez del film interfacial 

etc. han sido una motivación importante para muchos científicos en el campo de la química 

coloidal. 

Una vez que las condiciones de composición y temperatura son adecuadas, las 

microemulsiones se forman espontáneamente debido a su estabilidad termodinámica. La 

formación depende del tipo y de la estructura de tensioactivo, así como de la combinación de 

aceite / tensioactivo. Atendiendo a la estructura existen tres tipos de microemulsiones. 

Microemulsiones agua-en-aceite consisten en gotas de aceite de tamaño nanométrico 

estabilizadas por una monocapa de tensioactivo dispersas en agua, el sistema inverso 

(microemulsiones agua-en-aceite) consiste en gotas nanométricas de agua estabilizadas por 

una monocapa de tensioactivo y dispersas en una fase continua oleosa, y microemulsiónes 

bicontinuas, en las que tanto el aceite como el agua forman dominios continuos 

interconectados con estructura tipo “esponja”. Las propiedades de las microemulsiones 

muestran en la Tabla 23. El tipo de microemulsión que se forma depende de la relación 

aceite/agua, así como del equilibrio hidrófilo-lipófilo (HLB) del agente tensioactivo y de la 

temperatura. 
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Tabla 23 : Propiedades generales de las micro emulsiones y estructura – O/W microemulsión aceite-en-

agua; W/O:  microemulsión agua-en-aceite. 

Propiedades de las microemulsiones 

Aspecto visual 

Tamaño característico 2-100 nm 
Estabilidad Termodinámica 
Viscosidad Baja 
Formación Espontanea 
Concentración del tensioactivo 20-25% 
Intefacial tension Ultra-baja (< 10-2 mN/m) 

Estructura 

 
     O/W                            W/O                         Bicontinuous 

 

En 1948, Winsor predijo (Winsor 1948) y propuso una clasificación de los equilibrios de fases 

en sistemas ternarios de tipo agua/tensioactivo /compuesto oleoso: 

 

- Winsor tipo I: el tensioactivo es preferentemente soluble en la fase acuosa (una 

microemulsión aceite-en-agua) co-existiendo con un exceso de fase aceite que contiene 

tensioactivo monómerico en cantidades submicelares. 

- Winsor tipo II: el tensioactivo es preferentemente disuelto en la fase aceite (microemulsión 

agua-en-aceite) que coexiste con un exceso de agua conteniendo una cantidad pequeña de 

tensioactivo submicelar. 

- Winsor tipo III: un sistema trifásico donde el tensioactivo se encuentra en una fase 

intermedia (microemulsión bicontinua) en equilibrio con fases acuosa y oleosa. 

- Winsor IV: consiste en una sola fase isotrópica. El tensioactivo tiene la misma afinidad con 

la fase acuosa y oleosa por lo que tiene las propiedades hidrofílicas lipofílicas equilibradas.  
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Dependiendo del tipo de tensioactivo y de las condiciones (composición, temperatura, adición 

de solutos), los tipos I, II, III o IV se forman selectivamente. En efecto, la formación de 

sistemas Winsor depende de la disposición molecular en la interface aceite-agua. Sin 

embargo, diversos parámetros afectan esta disposición molecular tales como la incorporación 

de electrolitos en sistemas de tensioactivos iónicos. Shinoda (Shinoda et al. 1969) demostró 

experimentalmente la existencia de dichos equilibrios en sistemas con tensioactivos no-

iónicos. De esta manera, se provocan transiciones de fase en sistemas conteniendo 

tensioactivos no iónicos al variar la temperatura. 

I.2.2. Propiedades dinámicas 

o Interacciones entre componentes de las gotas 

En los sistemas de microemulsión, las gotas de fase dispersa (oleosa u acuosa) no son 

estáticas, por lo tanto están continuamente en movimiento lo que conduce a colisiones entre 

gotas. Por tanto, deben tenerse en cuenta diversas interacciones para una comprensión integral 

del sistema de microemulsión tales como las interacciones entre gotas e interacciones entre 

sus componentes (Fletcher 1987, Fletcher 1992, 88, Moulik 1998). 

El conocimiento de las propiedades dinámicas de las microemulsiones es muy importante 

para entender esos sistemas. Considerando un sistema de microemulsión agua-en-aceite, en la 

Figura 177a se muestra una gota de fase acuosa estabilizada por una combinación de 

tensioactivo y co-tensioactivo y dispersa en una fase continua oleosa. Se pueden resaltar 

diversas interacciones. En efecto, el núcleo de la gota está compuesto de agua libre rodeada 

por una capa de agua enlazada, la cual a su vez está rodeada por una capa en la cual residen 

las moléculas del tensioactivo y del co-tensioactivo. Debido a esta configuración, pueden 

ocurrir intercambios entre el agua “libre” y agua “enlazada”. Además, puede producirse 

intercambio de moléculas de tensioactivos entre la película interfacial y la fase acuosa y 

oleosa. Los principales parámetros que pueden afectar dichos intercambios son: la 

composición de las gotas acuosas, la concentración de solutos y la temperatura.  
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Figura 177 : Representación esquemática de las gotas en micro microemulsión agua-en-aceite y aceite-en-

agua (Rakshit 2008) 

En el caso de las microemulsiones aceite-en-agua, los grupos hidrófilicos de las moléculas de 

tensioactivo se extienden en la fase acuosa como se observa en las Figura 177b y Figura 178. 

Según la afinidad de la parte lipofílica del tensioactivo con la fase de aceite se observan estas 

dos configuraciones diferentes: se pueden incorporar las moléculas de aceite dentro de la parte 

lipofílica del tensioactivo o confinadas en el interior de la gota. 

 

 
Figura 178 : Gota oleosa de un sistema de microemulsión aceite-en-agua. Las moléculas del compuesto 

oleoso pueden estar incorporadas entre las cadenas del tensioactivo o confinadas dentro de la gota (Mc 

Clements 2012). 
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o Interacciones entre gotas e intercambio micelar  

Las interacciones están íntimamente vinculadas con la concentración de las gotas, la 

viscosidad de la fase continua, la temperatura, y la flexibilidad de la película interfacial 

(López-Quintela 2003). Debido al movimiento browniano continuo, las colisiones son 

frecuentes entre las gotas. Cuando las colisiones son suficientemente fuertes, la capa de 

tensioactivo se rompe dando lugar a un intercambio micelar de los componentes internos de 

las gotas (Figura 179). Esta dinamicidad facilita su utilización como medios de reacción 

confinados (Boutonnet et al. 1982). Los procesos de intercambio entre gotas pueden ocurrir 

en el orden de milisegundos a microsegundos (Fletcher 1987, Clark 1987). 

 
Figura 179 : Mecanismo de coalescencia de gotas (Stephen Clark et al. 1990) 

La rigidez de la interfase es una propiedad importante que afecta la coalescencia de las gotas. 

Aumenta al usar un tensioactivo con cadena larga. Sin embargo, disminuye significativamente 

al añadir un co-tensioactivo. Los procesos de percolación puede ocurrir en ambos tipos de 

microemulsiones aceite-en-agua y agua-en-aceite (Borcovek 1988).  
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I.3. Aplicación de las microemulsion como medio de reacción para la 

síntesis de nanopartículas inorgánicas 

El uso de las microemulsiones agua-en-aceite para la síntesis de nanopartículas inorgánicas 

fue descrito por Boutonnet et al. en 1982 (Boutonnet 1982). Se considera que las gotas 

acuosas de la microemulsión actúan como compartimentos confinados o "nanoreactores". La 

principal estrategia para la síntesis de nanopartículas en microemulsiones agua-en-aceite 

consiste en la mezcla de dos microemulsiones  cuyas fases acuosas discretas incorporan el 

precursor metálico y el agente precipitante respectivamente. La Figura 180 muestra 

esquemáticamente dicha estrategia. Debido al dinamismo del sistema, incluyendo la 

coalescencia entre gotas, ambos reactivos reaccionan de manera confinada dando lugar a 

precipitados sólidos de tamaño nanométrico, los cuales generalmente permanecen 

estabilizados por el tensioactivo. La literatura sobre este tema crece constantemente y hay 

excelentes artículos sobre diferentes aspectos tales como la reactividad, los mecanismos de 

control del tamaño y forma de partículas, etc. (Pileni 1997 y 2003, Destrée 2006, Eastoe 2006, 

Holmberg 2004, López-Quintela 2003, Boutonnet et al. 2008). Se han sintetizado una gran 

variedad de nanomateriales por este método: nanopartículas metálicas y bimetálicas, óxido de 

metal simple, así como óxidos metálicos mixtos, “quantum dots”, estructuras núcleo-coraza  e 

incluso materiales cerámicos complejos, tales como espinelas y perovskitas. 

 
Figura 180 : Síntesis de nanopartículas inorgánicas por reacción en microemulsiónes agua-en-aceite. 

Se ha descrito que ciertos nano-catalizadores preparados en microemulsiones agua-en-aceite 

muestran un mejor rendimiento (actividad, selectividad) que aquellos sintetizados por otros 

métodos (Boutonnet et al. 2008). El método de reacción en microemulsión ofrece una serie de 
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ventajas con respecto a otros (co-precipitación en solución (Qiao 2011), sol-gel (Qiao 2011), 

la pirólisis de atomización en llama (Krius 1998), la evaporación láser, molienda de alta 

energía, etc.), a saber: la posibilidad de preparar una gran variedad de materiales con alto 

grado de control del tamaño de partícula, la formación de nanopartículas con estructura 

cristalina y área de superficie específica muy alta, y el uso de una temperatura suave y presión 

ambiente yel uso de equipo no complicado. A pesar de las propiedades específicas y mejor 

actividad de los nanomateriales obtenidos por las microemulsiones agua-en-aceite, este 

método no ha sido desarrollado industrialmente, principalmente debido al uso de grandes 

cantidades de aceites (disolventes) que componen la fase continua y por lo tanto, la fase 

mayoritaria del sistema (Boutonnet et al. 2008). Además, en la mayoría de los estudios se 

utiliza una concentración baja en precursores metálicos dando lugar a rendimientos pequeños 

de nanopartículas por volumen de microemulsión.  

 

Existe un interés creciente en el desarrollo de métodos novedosos y más eficaces en la 

preparación de nanopartículas, con el fin de satisfacer las necesidades de aplicaciones tales 

como la medicina, la química, la biología y la física. El avance tecnológico en esas disciplinas 

está creciendo constantemente, lo que aumenta el potencial de los campos de aplicación 

posibles de las nanopartículas. Las nanopartículas pueden desempeñar un papel importante en 

aplicaciones específicas. Con esta motivación, se ha introducido recientemente un nuevo 

método de reacción en microemulsiones aceite-en-agua para la síntesis de nanopartículas 

inorgánicas por parte de nuestro grupo de investigación (Sánchez-Domínguez et al. 2009). Es 

principalemente destacable el hecho de que con éste método se reduce el uso de solventes 

orgánicos ya que la fase continua es acuosa. Este método consiste en el uso de precursores 

organometálicos, disueltos en gotas nanómetricas de solvente orgánico (generalmente 

hidrocarburo) estabilizadas por una monocapa de tensioactivo hidrófilo, dispersas en la fase 

continua acuosa. Los agentes precipitantes por lo general solubles en agua se pueden añadir 

directamente o en forma de soluciones acuosas sin comprometer la estabilidad de la 

microemulsión, y el tamaño de gota. Como alternativa, también se pueden utilizar agentes 

precipitantes solubles en aceite, por lo que también podría ser utilizado una estrategia de dos 

microemulsiones. La motivación para esta investigación fue que no se habían descrito 

métodos en los que los precursores metálicos fueron disueltos y confinados en las gotitas de 

aceite de las microemulsiones aceite-en-agua. Existen otras investigaciones que utilizan 

microemulsiones aceite-en-agua pero el enfoque es distinto. En la investigación de Li et al, el 

precursor es una sal inorgánica disuelta en la fase continua acuosa (Ge et al. 2006). Otra 
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investigación relacionada es el trabajo pionero de Pileni et al. (Petit 1994), y aunque en dichos 

trabajos se referían a los sistemas como “micelas aceite-en-agua”, no había aceite en ellos, y 

se trataba de micelas aniónicas directas en las que el contraión del tensioactivo era la fuente 

del metal u óxido a sintetizar (por lo regular se usaba un dodecil sulfato del metal). Por lo 

tanto, en comparación con los trabajos de Pileni et al. y Li et al., el enfoque utilizado en esta 

tesis puede implicar un mecanismo de reacción más relacionado con el típico método de 

microemulsión agua-en-aceite, en cuanto a la cinética y el grado de confinamiento, y por tanto 

la nucleación y los pasos de crecimiento tendrán una mayor probabilidad de ser controlados 

por los aspectos dinámicos de las microemulsiones (colisiones, coalescencia entre gotas). No 

obstante, también es probable que existan diferencias importantes con el método de reacción 

en microemulsión agua-en-aceite, por ejemplo al usar agentes precipitantes solubles en agua 

es probable que intervengan otros mecanismos interfaciales. 

Los precursores organometálicos empleados en este trabajo son principalmente precursores 

con ligandos 2-etilhexanoato del metal de interés. Estos tipos de precursores están disponibles 

para un gran número de elementos, son de bajo costo, estables en condiciones atmosféricas de 

presión y temperatura (a diferencia de los alcóxidos, los cuales se utilizan como precursores 

en el método sol-gel), y en general no son tóxicos. Cuando este tipo de precursores se utiliza 

para la síntesis de nanopartículas inorgánicas por otro tipo de métodos, diferentes al utilizado 

en esta tesis, se lleva a cabo generalmente una descomposición térmica a temperaturas de 200-

300º C (Epifani et al 2005, Kim 2007, Tao 2005), en disolventes orgánicos polares y a 

menudo utilizando atmósferas inertes, o por pirólisis (Mishra 2007) a temperaturas mucho 

más altas. Tras el calentamiento, el ligando carboxilato de 2-etilhexanoatos se disocian del 

metal central. Otro enfoque para transformar 2-etilhexanoatos en metáles o nanopartículas de 

óxidos metálicos es por descomposición fotolítica empleando luz ultravioleta (Mishra 2007; 

Andronic 2002, de Oliveira 2011). En el método de reacción en microemulsión aceite-en-agua 

desarrollado, las reacciones se llevan a cabo a temperaturas bajas, cercanas a la ambiente y 

por simple adición de una base (amoníaco, NaOH, etc) o un agente reductor (NaBH4) a la 

microemulsión que contiene el precursor (Figura 181). Es interesante notar que este método 

no necesita un calentamiento a temperatura muy alta o irradiación UV para sintetizar 

nanopartículas de metales u óxidos metálicos cristalinos. La química de los 2-etilhexanoatos 

se encuentra todavía en gran medida inexplorada (Mishra 2007), por lo cual un conocimiento 

exhaustivo de los mecanismos químicos de reacción que se producen en las microemulsiones 

aceite-en-agua bajo las condiciones suaves que se están utilizando abre nuevos retos y 

oportunidades de investigación. 
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Figura 181 : Síntesis de nanopartículas inorgánicas por reacción en microemulsión aceite-en-agua  

En el tradicional método de síntesis de nanopartículas en microemulsiones agua-en-aceite, se 

ha observado que el comportamiento fásico resulta muy afectado por la presencia de 

precursores inorgánicos en la fase acuosa, ya que por lo general, la zona de microemulsión 

agua-en-aceite se ve reducida. Esto se atribuye al efecto "salting-out". Los precursores 

inorgánicos afectan la interacción de los grupos polares de las moléculas de tensioactivos con 

las moléculas de agua reduciendo su solubilidad. En contraste, se espera que en la 

microemulsiones aceite-en-agua, el comportamiento fásico sea menos afectado por la 

incorporación de los precursores organometálicos ya que la naturaleza de las interacciones 

entre los tensioactivos y los precursores organometálicos serían más débiles, en comparación 

con las interacciones entre las sales inorgánicas y lo tensioactivos ya mencionadas. Esas 

interacciones pueden depender de las propiedades anfifílicas del precursor organometálico. 

Por ejemplo, Eastoe et al. mostraron evidencia espectroscópica que sugiere que el cobalto 2-

etilhexanoato incorporado en microemulsiones agua-en-aceite (agua/AOT/heptano) se 

encuentra localizado en la interface de las gotas, permitiendo la hidratación del ion cobalto en 

la fase interna acuosa (de Oliveira 2011). Esto sugiere que este tipo de precursores tienen una 

tendencia a ser activos interfacialmente, y por tanto se hace necesario llevar a cabo una 

caracterización muy detallada de los sistemas de microemulsión aceite-en-agua conteniendo 

los precursores con ligandos 2-etilhexanoato. 
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II. Objetivos  
Los objetivos generales de esta tesis son: el diseño de nuevos sistemas de microemulsión 

aceite-en-agua basados en tensioactivos no-iónicos, agua e hidrocarburos, con y sin la 

incorporación de precursores organometálicos, la síntesis de varios tipos de nanopartículas, y 

el estudio de la relación entre las características de las nanopartículas obtenidas con las 

propiedades de la microemulsión utilizada para su síntesis. Asimismo, estos estudios han de 

permitir una mayor comprensión de los parámetros que desempeñen un papel clave al utilizar  

microemulsiones aceite-en-agua como medio de reacción. 

Los objetivos específicos de esta tesis son los siguientes: 

o Diseño de sistemas de microemulsión aceite-en-agua sin y con incorporación de 

precursores organometálicos. 

o Caracterización del tipo de microemulsión y tamaño de gota. 

o Síntesis de varios tipos de nanopartículas inorgánicas utilizando el método de reacción 

en microemulsión aceite-en-agua 

o Estudio preliminar del mecanismo de formación de nanopartículas en las 

microemulsiones aceite-en-agua.  

o Evaluación de aplicaciones potenciales de las nanopartículas obtenidas en función de 

sus características y propiedades. 

 

III. Resultados y discusión 

III.1. Microemulsiones 

III.1.1. Formación de microemulsiones  

Se ha estudiado la formación de microemulsiones en sistemas ternarios (o pseudoternarios) 

compuestos de agua, Synperonic® 10/6 (tensioactivo no-iónico) y hexano a varias 

temperaturas entre 25ºC y 35ºC. Además, se ha estudiado el efecto de la incorporación de 

precursor organometálico (Ce-2EH) en la formación de microemulsiones a varias 

temperaturas también. Después de definir las zonas de micromemulsión, se han elegido 

algunas composiciones para utilizarlas como medio de reacción para preparar nanopartículas 

inorgánicas.  

De manera general, la zona correspondiente a soluciones transparentes, fluidas e isotrópicas 

(L) identificadas como "microemulsiones" es muy estrecha y se extiende desde el vértice del 
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agua hacia el centro del diagrama. Es de destacar que no varía mucho con la incorporación del 

precursor organometálico. Se ha puesto de manifiesto que se produce un incremento en la 

solubilización de la fase aceite al aumentar la temperatura. Dependiendo de la relación S/O 

(tensioactivo/aceite) y de la temperatura, las microemulsiones pueden ser diluidas 

infinitamente con agua, para alcanzar composiciones en el vértice agua del diagrama ternario. 

El rango de la relación S/O delimitando la zona de microemulsión a bajas temperaturas es más 

ancha  que a temperaturas altas, y dichas microemulsiones se pueden diluir infinitamente con 

agua. La posibilidad de dilución con agua es una “huella digital” de las microemulsiones 

aceite-en-agua estabilizadas por agentes tensioactivos no iónicos (Garti 2004). El hecho de 

que la zona de microemulsiones es estrecha permite concluir que la interfase 

hidrocarburo/agua es rígida provocando la formación de gotas bien definidas. Por otra parte, 

la curvatura de la zona de microemulsión hacia el centro del diagrama de fases puede ser 

indicativa de un cambio de estructura de microemulsión de gotas discretas a una estructura 

bicontinua. Además, se ha estudiado la influencia de la incorporación del precursor 

organometálico en el sistema ternario y se ha detectado que la zona L era ligeramente más 

estrecha, significando que la fase de aceite era menos soluble en el sistema. Este fenómeno se 

podría atribuir al efecto “salting-out” de precursor inorgánico provocando la deshidratación de 

los grupos de cabeza polar del tensioactivo no iónico presente en el sistema, y/o a un efecto 

interfacial, ya que como se mencionó anteriormente, este tipo de precursores presenta una 

tendencia a localizarse en la interfase aceite-agua.  

 

III.1.2. Caracterización de los sistemas de microemulsión 

Es importante caracterizar la microemulsión que se ha de ser utilizada como medio de 

reacción para la síntesis de nanopartículas inorgánicas para relacionarlo con las propiedades 

del material obtenido. Se han elegido composiciones para las cuales la relación 

(tensioactivo/agua) se mantuvo constante (S/W:25/75) para caracterizarlas por medio de 

conductividad eléctrica en función de la temperatura. Se empleó además la técnica DOSY 1H 

RMN con el fin de confirmar los resultados obtenidos por conductividad eléctrica sobre la 

estructura de la microemulsión conteniendo una concentración alta de fase oleosa (con una 

relación en peso Tensioactivo / Agua: 50/50 y 43,5% aceite), confirmándose así la naturaleza 

bicontinua de la misma. Además, se ha investigado la influencia de diferentes parámetros para 

destacar su efecto en la formación de microemulsiones y su estructura al variar la temperatura. 

En concreto, se ha estudiado la influencia de la incorporación de precursores organometálicos 
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en la fase oleosa, de la presencia de HCl(aq) en la fase acuosa y la dilución del sistema de 

microemulsión con agua. También, se ha evaluado el tamaño hidrodinámico de gota de las 

microemulsiones aceite-en-agua por la técnica de dispersión de luz dinámica para 

microemulsiones conteniendo una relación constante de Tensioactivo/Agua (S/W). Se ha 

comparado el radio hidrodinámico de las gotas de microemulsión con y sin precursores. Por 

último, se han evaluado las propiedades ópticas de los precursores organometálicos disueltos 

en hexano con las obtenidas al incorporarlos en los sistemas de microemulsión. 

Para interpretar los resultados obtenidos por conductividad eléctrica, es importante centrarse 

en la curvatura espontánea debido a las propiedades hidrófilas- lipófilas del tensioactivo al 

cambiar la temperatura. El valor alto de la conductividad eléctrica a baja temperatura (entre 

25ºC y 36ºC) indica que las microemulsiones poseían la fase continua acuosa. Por lo tanto, se 

puede deducir que la estructura hasta esta temperatura es una microemulsión aceite-en-agua. 

El aumento de la temperatura condujo a valores de conductividad menores (hasta un valor de 

alrededor de 50% de la conductividad de la microemulsión aceite-en-agua obtenida a 

temperatura más baja) lo que se puede explicar por la formación de una microemulsión 

bicontinua. Además, se ha estudiado la influencia de diversos parámetros de formulación 

sobre la estructura de la microemulsión. La adición de solución acuosa de HCl (0,8 M) no 

cambia significativamente el rango de temperaturas  de formación de las microemulsiones. 

Además, se han caracterizado sistemas que contienen 43,5% hexano con la técnica de 1H 

RMN DOSY con el fin de confirmar la formación de microemulsiones bicontinuas. En efecto, 

los coeficientes de difusión de la fase hexano y la de agua son similares permitiendo concluir 

que a esta concentración de componente oleoso se trata de microemulsiones bicontinuas. 

También, se ha utilizado la técnica de dispersión dinámica de luz para caracterizar el tamaño 

hidrodinámico de gota para los sistemas de microemulsión con gotas discretas y se establece 

que los sistemas más diluidos tienen un mayor radio hidrodinámico (RH) atribuido a la 

presencia de una mayor capa de hidratación (de RH= 3 nm a RH= 4.25 nm). Se ha comprobado 

también que la incorporación de precursores organometálicos en las gotas de microemulsion 

aumenta ligeramente el tamaño (de RH = 4.2 nm a RH= 4.8 nm). Por otra parte, las 

propiedades ópticas de los precursores metálicos disueltos en hexano cambiaron al disolverlos 

en microemulsión. 
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III.2. Síntesis de nanopartículas inorgánicas utilizando microemulsiones 

aceite-en-agua como medio de reacción 

Se han sintetizado varios tipos de nanopartículas inorgánicas en microemulsiones aceite-en-

agua; el tipo específico de nanopartículas ha sido seleccionado en base a sus propiedades 

específicas y diferentes aplicaciones potenciales. Se han preparado nanopartículas de óxidos 

mixtos de cerio, cobre y zinc por su alto interes en catálisis. También se han preparado 

nanopartículas de óxido de cobre y óxido de cerio para usarlos como materiales de referencia 

al comparar las características de las nanopartículas de los óxidos mixtos obtenidos. 

Asimismo, se han preparado semiconductores como óxido de zinc, peróxido de zinc y 

seleniuro de zinc y se han evaluado sus características específicas por ejemplo sus 

propiedades fluorescentes, eléctricas y fotocatalíticas. Por otra parte, se han sintetizado 

nanopartículas magnéticas tipo ferritas de zinc y manganeso con aplicaciones potenciales en 

biomedicina y materiales termoeléctricos. Se han estudiado sus propiedades magnéticas y se 

ha estudiado la formación y la estabilidad de varias dispersiones de dichas nanopartículas en 

diversos solventes, con el fin de ampliar el rango de aplicaciones potenciales. 

III.2.1. Nanopartículas con aplicaciones potenciales en catálisis 

 III.2.1.1. Síntesis y caracterización de nanopartículas 

conteniendo Cobre y Cerio 

Se han utlizado dos sistemas de microemulsión Agua / Synperonic® 91/5 / isooctano y Agua / 

Synperonic® 10/6 / Hexano para las nanopartículas utlizadas en ensayos de catálisis. En esos 

sistemas, se ha utilizado una relación de tensioactivo / agua: 25/75 y 14 % de fase oleosa. 

Dependiendo de la relación de cobre y cerio, se ha ajustado la temperatura de microemulsión. 

Se utiliza la notación“CuxCe1-xO2-�” para la formación de óxido mixto de cobre y cerio 

mientras que la formación de mezcla de óxidos de cobre y de cerio, se anota como “relación 

molar de Cu/Ce: x/y”. 

Se han caracterizado las nanopartículas por microscopia electrónica para determinar sus 

propiedades de textura (SEM) y su tamaño y forma (TEM). Se ha observado que las 

nanopartículas están muy aglomeradas (después de haberse sometido al proceso de secado), 

estado más favorable energéticamente debido a su pequeño tamaño de nanopartícula. Se ha 

detectado que todas las nanopartículas preparadas con una relación molar de Cu/Ce entre 5/95 

y 30/70 han sido materiales nanoestructurados, homogéneos, globulares y porosos con un solo 
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tipo de estructura cristalina cúbica tipo fluorita (Figura 182). Sin embargo, al aumentar la 

relación molar de Cu/Ce (de 35/65 a 50/50), se han detectado dos tipos de nanopartículas con 

diferentes formas (Figura 183): unas nanopartículas alargadas y otras pequeñas globulares (2-

3 nm). Comparando la microfotografia de la muestra de óxido de cobre con las 

microfotografias obtenidas para los materiales compuestos de una mezcla de óxidos de cobre 

y cerio, se ha podido identificar las nanopartículas alargadas como óxido de cobre. Asimismo, 

se ha obtenido un dopaje de CeO2 con Cu resultando en una fase de óxido mixto de cobre y 

cerio con una relación molar máxima de Cu/Ce: 30/70. Se ha podido confirmar la 

composición elemental del material mediante análisis de EDX y de mapeo STEM-EDX. 

Asimismo, se ha evaluado con difracción de electrones en área seleccionada (SAED por sus 

siglas en inglés) la cristalinidad de las nanopartículas sintetizadas con diferentes relaciones 

molares de Cu/Ce (Figura 184). A una relación molar de Cu/Ce baja (Cu/Ce < 30/70), se han 

observado círculos concentricos resultando en materiales policristalinos y organizados al azar. 

No obstante, se han detectado círculos más difusos con puntos intensos en otras zonas 

correspondiendo probablemente a una reducción de tamaño de cristal y a la presencia de una 

fase cristalina de CuO con un tamaño de cristal más grande que el del oxido mixto de cobre y 

cerio.  
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Figura 182 : Microfotografia de SEM de las nanopartículas de CuxCe1-xO2-� 
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Relación molar 
de Cu/Ce: 

35/65 

  

40/60 

  

50/50 

  

CuO 

  
Figura 183 : Microfotografia de SEM de mezcla de óxidos de cobre y cerio en función de la realción molar 

de Cu/Ce. 
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Figura 184 : Difracción de electrones de las nanoparticulas a) CeO2 b) Cu0.05Ce0.95O2-� c) Cu0.10Ce0.90O2- � d) 

Cu0.20Ce0.80O2- � e) Cu0.30Ce0.70O2- �. Muestra con relación molar de Cu/Ce: f) 35/65, g) 40/60: fase de 

CuxCex-1O2- �, h) 40/60 : fase de CuO, i) 50/50 : fase de CuxCex-1O2- �, j) 50/50 : fase de CuO, k) CuO. 

 
Por difracción de Rayos X, se ha detectado estructura cristalina cúbica (FCC) tipo fluorita 

para el óxido mixto de cobre y cerio y una fase cristalina monoclínica para el CuO presente al 

aumentar el dopaje de CeO2 con Cu.  Se ha podido evaluar con el refinamento de Rietveld que 

al usar una relación molar de Cu/Ce de 50/50, existe 20% de la fase CuO. Asimismo, se ha 

podido concluir que el resto de cobre se encuentra en la fase cristalina de CeO2.  

Por otra parte, se han caracterizado las propiedades magnéticas de los óxidos mixtos de cobre 

y cerio y se ha detectado que al dopar el CeO2 con Cu, la magnetización mejora. El CeO2 

tiene una magnetización de 0.25 emu/g a H = 5kG mientras que las nanopartículas de 

Cu0.20Ce0.80O2- � posee una magnetización de 2.1 emu/g. Sin embargo, no se alcanza la 

magnetización de saturación, lo que significa que aplicar un campo magnético más potente 

podría resultar en una magnetización más alta. Al dopar el CeO2 cuyo comportamiento es 

diamagnético con cobre resulta en un comportamiento paramagnético. Este material fue 

interesante para aplicarlo en la reacción catalítica “Water Gas Shift”. El material ha sido 

calcinado a 400ºC para asegurar que ningún cambio de estructura ocurre durante la reacción 

catalítica. Se ha detectado que la magnetización disminuye al calcinar el material. Ello puede 

explicar por la diferencia de repartición de Cu2+/Cu+ en el material y/o por la reducción de los 

defectos en la superficie después de la calcinación. Se han obtenido dos tipos de reducción de 

a b c d

e f hg

i j k



VIII.SUMMARY IN SPANISH ______________________________________  

290 Kelly L. Pemartin – Inorganic nanoparticles synthesized by the novel Oil-in-Water microemulsion reaction method and their potential applications 
 

Cu por H2-TPR ocurriendo entre 150-260ºC que corresponderían a dos tipos de cobre: uno 

débilmente u otro fuertemente asociado al CeO2. Además, se ha realizado el H2-TPD del 

óxido mixto, y se ha detectado que independientemente de la concentración de cobre en el 

material, el perfil de desorción de H2 sobre el material permanece similar. Por lo tanto, 

significa que el hidrogeno está atrapado dentro del catalizador, quizá por difusión debido a su 

gran interacción con CeO2 ya que el Ce(IV) puede reaccionar con H2 para producir la especie 

Ce(III) como lo ha descrito Sohlberg en 2001 (Sohlberg 2001). 

Se han evaluado la eficacia de dos materiales: Cu0.10Ce0.90O2- � y Cu0.20Ce0.80O2- � en reacción 

catalítica de “Water Gas Shift”. A alta temperatura (T = 370 º C), el catalizador más eficaz fue 

el óxido mixto de Cu / Ce conteniendo una relación molar de Cu / Ce : 20/80, que puede estar 

relacionado con el contenido elevado de Cu en el material ya que el elemento activo es el Cu. 

Sin embargo, después de calcinar el material a 650º se mejora la eficacia del otro catalizador 

(relación molar de Cu / Ce: 10/90) a baja temperatura (T = 220 º C) ya que la conversión de 

CO obtenida era de ~ 40% mientras que el catalizador que contiene una relación molar de Cu 

/ Ce: 20/80, la conversión era inferior a 10% a esta temperatura.  

 

Asimismo, se ha preparado una mezcla de nanopartículas de óxidos de Cu/Zn por el método 

de reacción en microemulsión aceite-en-agua. A diferencia del óxido mixto de Cu/Ce que 

presentó solamente una fase cristalina a baja concentración de Cu, no se pudo obtener un 

oxido mixto pero si una mezcla de óxido/hidróxido, probablemente debido a la gran 

diferencia en el tipo de estructura cristalina formada por estos elementos, además de la 

estabilización química del Cu(OH)2 que ocurrió por su interacción con el ZnO. Las 

nanoestructuras híbridas obtenidas con CuO / ZnO se auto-ensamblaron en nanoestructuras 

similares a flores o estrellas creciendo de acuerdo a una dirección preferencial (Figura 185). 

Este material era interesante como catalizador en la reacción catalítica de “Water Gas Shift” 

del mismo modo que el material presentado anteriormente, y también en la reacción de 

hidrogenólisis del glicerol. El método de reacción en microemulsión aceite-en-agua puede 

llevar una sinergia debido a las interfases entre los dos óxidos y esto puede promover un 

catalizador con una eficiencia alta.  
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relación molar 
de Cu/Zn:10/90 

  

  

20/80 

  
Figura 185 : Microfotografia de SEM de las nanoparticulas de óxidos de Cu/Zn con varias relaciones 

molares de Cu/Zn.  

Es de destacar que la mezcla de cobre y zinc (con relación molar de Cu / Zn: 1/1) en 

microemulsión aceite-en-agua llevó a la formación de nanopartículas de ZnO y Cu(OH)2, a 

pesar de que el hidróxido de cobre es generalmente menos estable que el óxido de cobre. La 

Figura 186 muestra el aspecto de las nanopartículas de ZnO jugaron un papel de 

estabilización química de las nanopartículas de hidróxido de cobre. Se ha realizado la misma 

reacción con sólo el precursor de Cu-2EH para relacionar la formación de hidróxido de cobre 

con la presencia de óxido de zinc. Se varió la composición de la microemulsion, la cantidad 

de agente precipitante y la temperatura, y en cada caso, se ha formado el oxido de cobre en 

lugar del hidróxido. Esto indica que el ZnO tiene un papel de estabilizador químico en la 

formación de nanopartículas de Cu(OH)2, gracias a una interacción favorable entre los 

defectos planares del ZnO y los grupos hidroxilo de Cu(OH)2. 

a) b) 

c) d) 

e) f) 
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Figura 187 : Microfotografia de TEM de las nanopartículas calcinadas a 800ºC – a-c) Al2O3/SiO2 and d,e) 

Al2O3. 

 
III.2.2. Síntesis de nanopartículas de semiconductores  

 III.2.2.1. Síntesis y caracterización de nanopartículas de ZnO 

o Microemulsiones aceite-en-agua como medio de reacción  

Se utilizó una microemulsión del sistema Agua / Synperonic® 91/6 / hexano. Como en la 

sección precedente, la composición elegida fue tensioactivo / agua: 25/75 y 14% de fase 

interna a temperatura ambiente (Pemartin et al. 2012). Se han sintetizado las nanopartículas 

de ZnO y ZnO2 agregando una pequeña cantidad de NaOH (2.5 M). Aunque se produce una 

pequeña dilución, la temperatura de formación de microemulsión no varía. Además, ha sido 

posible obtener ZnO mediante la calcinación de nanopartículas de ZnO2 a 300ºC. Las 

nanopartículas de ZnO presentaron una estructura cristalina hexagonal (wurtzita) mientras que 

las nanopartículas de ZnO2 presentaron una estructura cristalina cúbica. Se ha mostrado por 

TEM y SEM que las nanopartículas de ZnO preparadas por precipitación con NaOH (2,5 M) 

se auto-ensemblaron en forma de flor mientras que las nanopartículas de ZnO2 obtenidas por 

precipitación con NaOH y H2O2 formaron estructuras auto-ensambladas de tamaño más 

pequeño con forma de “nano-frambuesa” (Figura 188). La calcinación de las nanopartículas 

de ZnO2 permitió la formación de las nanopartículas de ZnO manteniendo la auto-agregación 

a) b) c) 

d) e) 
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de nano-frambuesa. Por lo tanto, se ha podido utilizar dos vías químicas para preparar 

nanopartículas de ZnO con características diferentes.  

 
Figura 188 : Microfotografia de SEM de las nanopartículas preparadas en microemulsión aceite-en-agua - 

a)  nanopartículas ZnO (nanoflores), b) nanopartículas de ZnO2 obtenidas al añadir H2O2 (nano-

frambuesas de ZnO2) and c) nanopartÍculas de ZnO obtenidas por calcinación de ZnO2 (nano-frambuesas 

de ZnO). 

 

o Microemulsiones bicontinuas como medio de reacción  

Se han obtenido nanocables de ZnO con un diámetro de sección transversal ~ 40 nm 

utilizando una microemulsión bicontinua con estructura tipo "esponja" con una relación de 

tensioactivo/agua (S/W): 50/50 y 43.5% de fase oleosa. El objetivo era preparar una red 

continua de nanopartículas de semiconductores de tipo II-VI,. El crecimiento de los 

nanocables a lo largo del eje preferencial c se ha atribuido a la estructura cristalina hexagonal 

anisótropica del ZnO (Figura 189), y probablemente también debido a la estructura de la 

microemulsión bicontinua. 
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o Determinación del punto isoeléctrico (IEP) de las 

diferentes nanopartículas de ZnO  

Se ha determinado el IEP de  materiales de ZnO con varias formas (nanoflores, nano-

frambuesas y nanocables obtenidos en microemulsion aceite-en-agua y bicontinuas). El IEP 

de los nanocables es mayor que el de las nanoflores. Esta diferencia puede deberse a las 

diferencias de residuo de tensioactivo adsorbidos sobre la superficie de las nanopartículas, y/o 

a la presencia de diferentes propiedades de las caras del cristal  expuestas ya que éstas podrían 

tener diferentes energías superficiales. Curiosamente, a pH ácido (pH = 2,66), los nanocables 

de ZnO se transforman en microtubos transparentes y flexibles. Su sección transversal externa 

es de ~ 0,1 mm. Además se ha observado que la pared de dichos microtubos está conformada 

por hojas finas de óxido de zinc (de 1,6 micras de espesor) enrolladas, formando una pared de 

espesor regular de aproximadamente 10 micras. Los microtubos de ZnO secos son rígidos y 

transparentes mientras que la adición de agua permite nuevamente el hinchamiento de los 

microtubos, los cuales vuelven a adquirir aspecto transparente y flexibilidad, debido a la 

capacidad del agua de fluir en la canalización de los microtubos. Por lo tanto la hidratación de 

los microtubos es reversible (Figura 191).  
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Figura 191 : Microfotografia de SEM de los microtubos de ZnO obtenidos en solución ácida. 

o Evaluación de propiedades especificas de las 

nanopartículas de ZnO  

Las nanopartículas de ZnO con varias formas y tamaños se han ensayado como 

fotocatalizadores en la degradación de Rodamina B usando luz UV. Se ha detectado que los 

nanocables de ZnO poseen una eficacia muy alta, ya que se ha obtenido una eficacia de 

degradación de casi 100% después de 40 min, mientras que los otros materiales evaluados 

(nanoflores y nanorosas desierticas), aunque presentan una eficiencia relativamente alta (~ 80-

90%), esta se da al cabo de 80 minutos (Figura 192). Este último resultado es comparable con 

otros materiales de ZnO de la literatura. Por tanto se concluye que los nanocables presentan 

un potencial muy superior como fotocatalizador, y este resultado se puede explicar por la 

mayor superficie específica de los nanocables. 
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Figura 192 : Aspecto visual de la degradación de la Rodamina B en presencia de las nanopartículas de 

ZnO como fotocatalizador en función del tiempo (en minutos) – S: solución de Rodamina B– 5 ppm. 

Además, se han estudiado las propiedades eléctricas de dichas nanopartículas midiendo el 

voltaje (V) en función de la corriente aplicada (I). Todas las nanopartículas poseen un 

comportamiento óhmico excepto las nanoframbuesas de ZnO obtenidas al calcinar las 

nanopartículas de ZnO2. En efecto, se ha detectado un comportamiento tipo diodo con un 

perfil parabólico (Figura 193), interesante para aplicaciones fotovoltaicas.  

 

Figura 193 : Curva de I-V obtenida para las nanoframbuesas de ZnO obtenidas al calcinar las 

nanopartículas de ZnO2. 
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o Funcionalización de las nanopartículas de ZnO y de ZnO / 

Cu(OH)2 después de las síntesis y estudio de sus propiedades 

fluorescentes 

Se ha utilizado el tensioactivo “Aerosol OT” (AOT) para conseguir una dispersión estable de 

las nanopartículas en THF. Se ha evaluado el radio hidrodinámico (RH) de cada dispersión 

estable obtenida con las nanopartículas de ZnO y de ZnO / Cu(OH)2. El RH de la dispersión 

de las nanopartículas de ZnO ha sido de 120 nm mientras que con las de ZnO / Cu(OH)2 se ha 

obtenido un RH de 90 nm. Debido al radio hidrodinámico relativamente bajo correspondiente 

a las nanopartículas de ZnO, se ha podido concluir que las nanoflores se han disgregado en 

aglomerados más pequeños ya que las nanopartículas que forman las nanoflores tienen un 

diametro de 10 nm mientras que los autoagregados en forma de  nanoflores tienen un tamaño 

de 250-300 nm.. Mediante de ultrasonidos se ha conseguido disgregar obteniendose 

dispersiones estables de las que se han medido las propiedades fluorescentes. 

 
 

Figura 194 : Propiedades fluorescentes de las dispersions estables de nanopartículas de ZnO, CuO and 

Cu(OH)2 / ZnO   en THF utilizando AOT como agente dispersante. 
Se ha mostrado que las dispersiones estables de las nanopartículas de ZnO, CuO y ZnO / 

Cu(OH)2 poseen propiedades fluorescentes (Figura 194). Se ha detectado una respuesta alta 

de fluorescencia a longitudes de onda entre 350 nm y 520 nm excitando con una longitud de 

onda de 190 nm. Se ha reducido ligeramente la propiedad fluorescente de las nanopartículas 

de ZnO en presencia de nanopartículas de Cu(OH)2.  
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mostrado que las nanopartículas de ferritas de manganeso-zinc pudieran ser más apropiadas 

debido a sus propiedades magnéticas modulables con la temperatura.  

  III.2.3.1. Síntesis y caracterización de las nanoparticulas de ferritas de 

Mn-Zn y estudio de sus propiedades magnéticas 

Se han sintetizado nanopartículas de ferrita de Mn-Zn con una estructura cristalina tipo 

espinela y una distribución de tamaño estrecha usando el método de reacción de 

microemulsiones de aceite-en-agua (O/W), bajo condiciones experimentales suaves. Se ha 

relacionado las características de las nanopartículas (tamaño, cristalinidad y propiedades 

magnéticas) con la composición de la microemulsión de aceite-en-agua y la naturaleza del 

agente precipitante. El aumento de la concentración de aceite de 12 wt% hasta 20 wt% (con 

una relación tensioactivo/agua (S/W) constante: 25/75), utilizando TMAH como agente 

precipitante, resulta en un aumento de tamaño (de 5,2 a 9,4 nm para 12 y 20 wt%, de fase 

oleosa, respectivamente). Además, para una composición de la microemulsión constante (S/W 

de 25/75 y 12wt% de aceite), el uso de NaOH como un agente precipitante da lugar a un 

tamaño meno que al utilizar TMAH (2,4 nm vs 5,2 nm respectivamente) (Figura 196).  
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Figura 196 : Microfotografias de HRTEM y patrones de SAED con los histogramas de tamaño 

correspondientes de las nanopartículas de ferritas de manganeso y zinc preparadas en microemulsiones 

aceite-en-agua - (a), (b) y (c) 12 wt% fase oleosa, precipitadas con NaOH 2.5M; (d), (e) y (f) 12 wt% fase 

oleosa, precipitadas con TMAH 0.5M; (g), (h) e (i) 20 wt% fase oleosa, precipitadas con TMAH 0.5M.   

Por difracción de rayos X, se ha detectado una estructura cristalina tipo espinela y los tamaños 

de cristal coinciden con los observados por TEM. Los nanomateriales presentan un 

comportamiento superparamagnético. La muestra de nanopartículas precipitadas con NaOH y 

con 12% de fase oleosa (con tamaño más pequeño) poseen una magnetización de saturación y 

una temperatura de bloqueo Tb bajas. Por el contrario, las nanopartículas sintetizadas con 

TMAH y en microemulsión con 20wt% de aceite (tamaño más grande) poseen una 

magnetización de saturación y una temperatura de bloqueo más altas. Este trabajo demuestra 

que se es posible obtener nanopartículas cerámicas complejas tales como óxidos mixtos con 

estructura de espinela por el método de reacción en microemulsión aceite-en-agua bajo 

condiciones suaves. Además, se han podido preparar nanopartículas magnéticas con un 

tamaño pequeño (2.4-9.4 nm) con una distribución de tamaño muy estrecha variando la 

composición de las microemulsiones aceite-en-agua. Finalmente, se ha demostrado que el tipo 
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de agente precipitante juega un papel importante en las características de las nanopartículas 

sintetizadas.  

III.2.3.2. Funcionalizaciones de nanopartículas magnéticasy 

preparación de dispersiones 

La funcionalización de nanopartículas con el fin de obtener dispersiones estables en 

disolventes orgánicos y acuosos se ha considerado de interés en esta tesis debido a varias 

aplicaciones potenciales que requieren una incorporación homogénea de nanopartículas en 

otros sistemas tales como algunos disolventes o polímeros. Con ese propósito, se ha 

funcionalizado la superficie de nanopartículas con agentes de dispersión. La novedad reside 

en que se ha realizado la funcionalización de nanopartículas in-situ en el medio de 

microemulsión aceite-en-agua con el fin de funcionalizar nanopartículas que no se hallan 

aglomeradas. 

III.3. Estudio preliminar del mecanismo de formación de las nanopartículas 

 III.3.1. Identificación de la localización de nucleación 
Se ha realizado un estudio preliminar sobre los mecanismos de formación de nanopartículas 

para relacionar sus características con las propiedades de las microemulsiones aceite-en-agua. 

Así, se ha destacado el papel del tensioactivo en la interfase agua-aceite y se ha relacionado 

con el crecimiento de las nanopartículas. Se ha sugerido la localización de nucleación de las 

nanopartículas en las microemulsiones aceite-en-agua y se ha determinado la influencia de 

algunos parámetros sobre la formación de las nanoparticulas. Ello permite comprender la 

formación de nanopartículas inorgánicas en este medio de reacción. 

La hipótesis propuesta es que la nucleación se produce en la interfase aceite-agua (o-w) ya 

que el agente precipitante (o agente reductor en caso de ZnSe) se incorpora en la fase continua 

acuosa y los precursores organometálicos se encuentran disueltos en las gotas de aceite. Como 

consecuencia de ello, por difusión de los iones OH-(o Se2- en caso de ZnSe) a través de la fase 

continua y hacia la interfase (o-w), donde el precursor puede estar adsorbido debido a sus 

propiedades anfifílicas, se producen los primeros núcleos. Para probar esta hipótesis, se ha 

partido de un sistema compuesto de dos fases inmiscibles (agua y hexano conteniendo el 

precursor organometálico disuelto) en equilibrio para realizar una observación visual de la 

interfase (o-w). A dicho sistema se ha agregado una concentración muy baja de tensioactivo 

(0.2wt%) con el fin de simular las interfases de la microemulsión (Figura 197).  
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Figura 197 : Esquema de la microemulsión aceite-en-agua y de la interfase aceite-agua (o-w). 

Después de añadir el agente precipitante en la fase acuosa se ha observado que los núcleos se 

produjeron en la interfase (o-w) del lado del agua. En efecto, se ha observado una capa 

homogénea y delgada de núcleos seguidos por la formación de partículas en la interfase (o-w). 

Esto significa que el tensioactivo puede desempeñar un papel estabilizador impidiendo el 

crecimiento de nanopartículas y reduciendo la aglomeración de las mismas. Además, después 

de reaccionar el precursor con el agente precipitante, se liberan los ligandos tipo “2-

etilhexanoato” (provenientes del precursor) que también pueden jugar un papel de 

estabilizador gracias al grupo carboxilato que puede adsorberse fácilmente sobre la superficie 

de las nanopartículas. Además, se ha detectado que al menos algunas nanopartículas fueron 

transferidas a la fase oleosa. Esta observación puede estar relacionada con la partición del 

tensioactivo entre la fase oleasa y acuosa (Catanoiu et al. 2011) y con las propiedades del 

ligando del precursor ya que las cadenas de hidrocarburo tienen una buena afinidad con el 

aceite de la microemulsión, es decir el hexano. Si el ligando del precursor se ha absorbido 

sobre la superficie de las nanopartículas, éstas podrían ser fácilmente transferidas a la fase 

aceite. Por otra parte, se han realizado experimentos con solamente agua y hexano (con el 

precursor metálico disuelto), es decir sin tensioactivo y se ha puesto de manifiesto que el 

crecimiento y aglomeración de nanopartículas es descontrolado al añadir el agente 

precipitante en la fase acuosa. Aunque las partículas se permanecen en la interfase aceite-agua 

(o-w), éstas se aglomeran rápidamente. 

III.3.2. Control del tamaño de nanopartículas en el medio de 

microemulsión 

Se han sintetizado nanopartículas inorgánicas con una baja polidispersidad y de tamaño 

pequeño por el método de microemulsión aceite-en-agua. La baja polidispersidad está 
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relacionada con una nucleación rápida que se produce en las microemulsiones y así el 

crecimiento de todos los núcleos se produce al mismo tiempo. La primera etapa de la 

formación de núcleo puede ser debido a un equilibrio termodinámico donde aceite y agua 

están íntimamente mezclados conduciendo a una nucleación homogénea. Y la segunda etapa 

consistiendo en el crecimiento de las nanopartículas puede ser relacionada con la presencia de 

tensioactivo en el sistema, jugando un papel de estabilizador  por su adsorción en la superficie 

de las nanopartículas. Además, la naturaleza del agente precipitante y su concentración 

influyen sobre el tamaño de las nanopartículas como se ha observado en el estudio de 

nanopartículas magnéticas (ferritas de manganeso y zinc). En efecto, al agregar TMAH 

(0.5M), una base que es más débil que el NaOH (2.5M), la microemulsión se diluye 

conduciendo a la formación de gotas más grandes con una superficie específica más baja. Una 

superficie específica más baja conduce a menos sitios activos donde la nucleación puede ser 

iniciada. Asimismo, se forman nanopartículas más grandes utilizando TMAH (0.5 M) que 

NaOH (2.5 M) como agente precipitante, debido a que el TMAH es una base más débil y por 

tanto conduce a una cinética más lenta de formación de nanopartículas.  

La concentración de la fase oleosa de la microemulsión también puede influir sobre el tamaño 

de nanopartícula. Se ha observado este resultado con las nanopartículas magnéticas usando 

12% y 20% de fase oleosa. Se puede explicar por la disminución de superficie específica de 

las gotas oleosas disminuyendo los sitios activos al aumentar la concentración de la fase 

oleosa. Varios parámetros tienen un papel importante en el tamaño de las nanopartículas. 

Ciertos parámetros intrínsecos de la microemulsión tales como el dinamismo del sistema 

pueden también influir sobre las características de las nanopartículas. El dinamismo de la 

microemulsión depende mucho de la facilidad en deformar la interfase agua-aceite. Esta 

propiedad no depende solamente de la naturaleza del tensioactivo y de su afinidad con el agua 

y el aceite sino de la adsorción de otros compuestos en la interfase aceite-agua (o-w) tal como 

el precursor organométalico. En el presente estudio, la zona de microemulsión es muy 

estrecha lo que significa que la interfase es bastante rígida. Esta propiedad es una ventaja ya 

que se podría esperarse un mejor control de tamaño de nanopartícula. Sin embargo, al 

aumentar la concentración de la fase oleosa, la estructura de la microemulsión cambia 

(microemulsión con gotas discretas a estructura bicontinua) permitiendo un cambio en la 

forma de nanopartículas, como los nanocables de ZnO. Se ha descrito en la literatura (Destrée 

2006) que el control de tamaño de las nanopartículas puede ser debido a dos mecanismos: 

cinéticos y termodinámicos. Asimismo, en el último caso, al alcanzar un tamaño crítico (radio 
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termodinámico), las nanopartículas se estabilizan y eso explicaría la homogeneidad en los 

tamaños de partículas obtenidos con los sistemas de microemulsión. Sin embargo, mediante el 

mecanismo cinético el tamaño de las nanopartículas se controla principalmente con las 

concentraciones de reactivos.  

III.3.3. Mecanismo sugerido para  la auto-agregación de ciertas 

nanopartículas  

Se ha observado que las nanopartículas de ZnO se auto-agregan en varias formas. En este 

contexto, se han de tener en cuenta varios parámetros que podrían participar en el mecanismo 

de formación del auto-ensamblaje de las nanopartículas: por un lado, el tipo de sistema 

(microemulsión y su estructura) y por otro lado, la naturaleza del material inorgánico, sus 

propiedades físicas y químicas, su estructura cristalina, la naturaleza del solvente, del agente 

precipitante, el pH del medio. Ademas, el uso de microemulsión como medio de reacción 

confinado podría producir núcleos más pequeños que usando otros métodos de preparación de 

nanopartículas (por ejamplo sol-gel) generando nanopartículas más pequeñas. Por 

consecuencia, la auto-agregación puede resultar en un tamaño más pequeño. 

Ademas, la estructura de la microemulsión puede influir sobre el tipo de auto-agregación de 

las nanopartículas ya que se ha observado que al cambiar la estructura de microemulsión de 

gotas discretas a bicontinua, en vez de las nanopartículas de ZnO se obtienen nanocables. Se 

ha conseguido cambiar la estructura de microemulsión aumentando la concentración de la 

fase oleosa conteniendo una concentración en precursores organometálicos más alta. 

Asimismo, se necesita una cantidad más importante en agente precipitante para precipitar las 

nanopartículas y puede ser que al aumento en sales en el sistema aumente su dinamismo. Sin 

embargo, este parámetro no puede ser el único para explicar la auto-agregación de las 

nanopartículas ya que de un material al otro, no se ha conseguido el mismo tipo de agregación 

(ZnO y ZnSe). Por esas observaciones, se ha puesto de manifiesto que la naturaleza del 

material poseyendo una estructura cristalina diferente puede ser un factor clave que controla 

la auto-agregación de las nanopartículas.   

IV. Conclusiones generales 

El concepto recientemente introducido basado en el uso de microemulsiones aceite-en-agua 

como medio de reacción para preparar nanopartículas inorgánicas se ha demostrado que es 
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viable para la preparación de óxidos, óxidos mixtos con dos y tres cationes metálicos y de 

calcogenuro. Debido a su fase continua acuosa, este método es más ecológico y menos 

costoso que los métodos que utilizan generalmente disolventes orgánicos como fase continua, 

tales como la microemulsión agua-en-aceite y los métodos solvotermales. Esta estrategia 

constituye una aportación interesante para aplicaciones industriales. El interés de este método 

de reacción en condiciones suaves reside en el control de tamaño de nanopartículas con una 

distribución de tamaño uniforme y en la obtención de nanopartículas cristalinas con buena 

reproducibilidad en sus características. Además, se ha demostrado que el tamaño de partícula 

pequeño y controlado se puede modular mediante el cambio de la composición de 

microemulsión (y de su estructura), de la naturaleza del agente de precipitación y del 

precursor según el metal de interés y la concentración del precursor.  
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