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1. Introduction

The development of nanotechnology depends strongly on the advances in nanoparticle
preparation. Nowadays, there are a number of technologies available for nanoparticle
synthesis, from the gas phase techniques such as laser evaporation (Gaertner & Lydtin,
1994), sputtering, laser pyrolisis, flame atomization and flame spray pyrolisis (Kruis et al.
1998), etc, to the liquid phase techniques such as coprecipitation from homogeneous
solutions and sol-gel reactions (Qiao et al. 2011), solvothermal processes (Gautam et al.
2002), sonochemical and cavitation processing (Suslick et al. 1996), and surfactant and
polymer-templated synthesis (Holmberg, 2004). Amongst the surfactant-based approaches,
the microemulsion reaction method is one of the most used techniques for the preparation of
very small and nearly monodispersed nanoparticles. This method offers a series of
advantages with respect to other methods, namely, the use of simple equipment, 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. The traditional method is based on water-in-oil microemulsions (W/O), and it
has been used for the preparation of metallic and other inorganic nanoparticles since the
beginning of the 1980’s (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 droplets collisions and coalescence, and they
will react to form precipitates of nanometric size (Figure 1). This precipitate will be confined
to the interior of microemulsion droplets. Numerous investigations have been published
about the use of W/O microemulsions for the preparation of a variety of nanomaterials,
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196 Smart Nanoparticles Technology

such as metallic and bimetallic nanoparticles, single metal oxide as well as mixed oxides,
quantum dots, and even complex ceramic materials (Boutonnet et al., 1982; Destrée & Nagy,
2006; Eastoe et al. 2006; Holmberg, 2004; Lépez-Quintela et al. 2004; Pileni 1997 and 2003).
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).

Water + metallic precursor
{inorganic salt A)

The reaction takes place

Collisions between droplets:
in a confined fashion

Reactants interchange

nucleation and

growth

Product is obtained
as nanoparticles

Water + precipitating
agent (reactantB)

Fig. 1. Scheme of the w/o microemulsion reaction method for the synthesis of inorganic
nanoparticles.

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 and
hence main component of these systems. 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. It is the aim of this chapter to review the newest trends in the synthesis of
inorganic nanoparticles using microemulsions as confined reaction media, with the objective
to identify those alternatives or approaches that make this type of colloidal media more
attractive for nanoparticle synthesis from the environmental , economic, technological, and
scientific point of view. Some of those approaches are: the synthesis of advanced materials,
such as mixed oxides and complex ceramics with nanocrystalline structure, core-shell
particles, mixed materials with key nano-heterojunctions, etc, which may be difficult to obtain
by other methods; optimization of microemulsion compositions, by making use of advanced
phase behaviour knowledge; use of bicontinuous microemulsions in semi-continuous batches,
and last but not least, a novel approach based on the use of oil-in-water microemulsions
instead of w/o microemulsions as confined reaction media. An introductory section about the
generalities and properties of microemulsion systems as well as on the use of microemulsions
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as reaction media for nanoparticle synthesis is first included. In addition, other aspects of
nanoparticle synthesis are reviewed, such as study of reaction kinetics; influence of
microemulsion dynamics on the characteristics of the obtained materials, as well as phase-
transfer and isolation of nanoparticles from the microemulsion reaction media.

2. General properties and formation of microemulsions
2.1 Microemulsions: Definition and basic properties

Microemulsions are transparent and thermodynamically stable colloidal dispersions in
which two liquids initially immiscible (typically water and oil) coexist in one phase due to
the presence of a monolayer of surfactant molecules with balanced hydrophilic-lipophilic
properties (Danielsson & Lindman, 1981). They are optically isotropic and transparent. In
contrast to emulsions, for which formation requires a considerable energy input,
microemulsions form spontaneously upon gentle components mixing, once composition
and temperature conditions are right. Depending on the ratio of oil and water and on the
hydrophilic-lipophilic balance (HLB) of the surfactant, microemulsions can exist as oil-
swollen micelles dispersed in water (oil-in-water microemulsions, O/W), or water-swollen
inverse micelles dispersed in oil (water-in-oil microemulsions, W/O); at intermediate
compositions and HLBs, bicontinuous structures can exist. When a dispersed phase is
present, it consists of droplets with a narrow size distribution in the order of 2-50 nm.

The formation of microemulsion depends on the surfactant type and structure, e.g. single
hydrocarbon chain ionic surfactants require the incorporation of cosurfactant or electrolytes
for microemulsion formation due to their high hydrophilic character; in contrast, double
chain ionic surfactants and ethoxylated non-ionic surfactants may form microemulsions
without cosurfactant. Lowering the interfacial tension between the oily and aqueous phase
(Yoyw) is the main role of the surfactant (or surfactant/cosurfactant mixture). The extremely
low vo/w (in the order of 102 - 103 mN m-1) achieved is one of the main microemulsion
characteristics: the decrease on y,/w is caused by the surfactant, overcoming the surface
energy term caused by the huge increase in interfacial area. In addition, the spontaneous
dispersion of numerous water or oil droplets causes an entropy increase, yielding a
thermodynamically stable system. The extremely low interfacial tension is decisive for
microemulsion formation, and depends on the composition of the system (Kunieda &
Friberg, 1981; Cross, 1987).

Microemulsions are dynamic systems, and it has been shown that droplet content exchange
processes can occur in the order of millisecond time scales (Fletcher et al., 1987; Clarke et al.,
1990). Collisions are produced due to constant Brownian motion of the droplets. When these
collisions are sufficiently violent, the surfactant layer breaks up and the micellar exchange
can be produced. It is thought that the micellar exchange process is characterized by an
activation energy ( E, or energy barrier), which is affected by the flexibility or rigidity of the
surfactant layer (Fletcher & Horsup, 1992; Lindman & Friberg, 1999}, in addition to diffusion
processes (Fletcher et al., 1987).

2.2 Microemulsions and phase equilibria

Phase behavior studies by means of equilibrium phase diagrams of polar
solvent/amphiphile/nonpolar solvent systems provide essential information on
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microemulsion formation and structure. In 1954, Winsor predicted four types of equilibria
which was latter experimentally evidenced: i) Winsor I: oil-in-water (o/w) microemulsions
are formed, and the surfactant-rich water phase coexists with the oil phase where surfactant
is only present as monomers; ii) Winsor II: water-in-oil (w/0) microemulsions are formed
and the surfactant-rich oil phase coexists with the surfactant-poor aqueous phase; iii)
Winsor III (middle phase): a three-phase system where a bicontinuous middle-phase
microemulsion (rich in surfactant) coexists with both excess water and oil phases; and iv)
Winsor IV: a single-phase (isotropic) micellar solution (microemulsion), that forms upon
addition of a sufficient quantity of amphiphile. Figure 2 shows how this equilibria can be
affected by salinity (for ionic surfactants) or temperature (for non-ionic surfactants), and also
illustrates the structural variability of microemulsions (O/W, W/O and bicontinuous (BC)).

Some typical equilibrium phase diagrams are shown in Figure 3 (Destrée & Nagy, 2006). In
each of these diagrams L, denotes a region where one phase W/O microemulsions are
formed. AOT (Sodium 2-ethylhexylsulfosuccinate) based systems are amongst the best
characterized systems, and it has been found that the size of the inverse microemulsion
droplets formed by this type of systems increases linearly with the amount of water added
to the system (Pileni, 1998) and can increase from 4 nm to 18 nm with 0.1 M sodium AOT
surfactant (water/ AOT/isooctane). AOT based systems are probably the most used for the
synthesis of inorganic nanoparticles in w/o microemulsions, for two reasons: good control
of droplet size as explained above and the large microemulsion regions found in
water/ AOT/alkane systems, which give rise to a great deal of compositions available for
nanoparticle synthesis. Systems based on cetyltrimethylammonium bromide (CTAB),
usually combine this surfactant with alcohols such as hexanol as the oil phase. This alcohol
can act as co-surfactant, adsorbing at the oil/water interface along with the surfactant. As
shown in Figure 3 the microemulsion region of water/CTAB/hexanol system is relatively
narrow, however, when shorter alcohols such as butanol are added as cosurfactant, the
microemulsion regions are considerably enlarged (Ko$ak et al., 2004).

excess Esthas

oil oil

II

WINSOR |

o

Temperature increase (Non-ionic surfactants)

»
>

lonic strenght increase (lonic surfacants)

Fig. 2. Winsor classification of microemulsion equilibria. Microemulsion phase sequence as a
function of temperature and salinity for non-ionic and ionic surfactants, respectively.
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Fig. 3. Water / Nonionic surfactant / Oil pseudo bynary phase diagram, as a function of
temperature. Reproduced with permission (Destrée & Nagy, 2006).

As for non-ionic surfactant - based systems, Triton® X-100 (octyl-phenol ethoxylate) is one
of the most used, however, alkyl-phenol ethoxylate surfactants such as this one have a
limited biodegradability. Their metabolites of degradation have low solubility and are toxic,
for example, nonylphenol has been proven to be an endocrine disrupter (Jobling & Sumpter,
1993). On the other hand, aliphatic fatty alcohol ethoxylates such as PEGDE (penta(ethylene
glycol) dodecyl ether) are more environmentally friendly; for nanoparticle synthesis, the
technical-grade options are usually chosen due to their lower cost. A special feature of non-
ionic surfactant systems is the sensitivity of their hydrophilic-lipophilic properties to
temperature, and although sometimes this characteristic is seen as a drawback, the
possibility for phase-behavior tuning can be used as an advantage for the formulation of
non-ionic microemulsions. In addition, nonionic surfactants have a great capacity of
hydration by their ethoxylated (EO) units; hence, an appropriate selection of surfactant, oil
and precursor salts/precipitating agent concentration, in combination with the rich
structural behavior that such a system may display as a function of temperature, can lead to
highly optimized formulations in terms of aqueous phase uptake and hence reactants
loading. A good premise to this behavior is the enormous efficiency boost in the formation
of middle phase microemulsions by the use of block copolymer surfactants reported by
Strey et al. (Jakobs et al., 1999).

2.3 Effect of precursor salts and additives on the phase behavior

Although nonionic microemulsion systems are mainly affected by temperature changes, the
addition of electrolytes and cosurfactant can also produce shifts in the solubilization and
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Traes (hydrophilic-lipophilic balanced temperature or phase inversion temperature) of the
systems (Aramaki et al.,, 2001, Kunieda et al., 1995; Shinoda, 1968). The use of ionic
surfactants may have some drawbacks, as usually the aqueous phase uptake of ionic
microemulsions is reduced in the presence of precursor salts due to screening effects, and
hence microemulsion regions become smaller (Liu et al.,, 2000; Gianakas et al., 2006).
Additionally, complex species could interfere with particle growth by adsorption to their
surface, and contaminations of ceramic nanoparticles with the surfactant counterions aer
possible. Often, the effect of addition of precursor salts or precipitating agent on the phase
behavior and structure of microemulsion systems is underlooked. Generally two
microemulsions with a fixed water/surfactant ratio are prepared without taking into
account the influence the added salt has on the size and the structure of the water droplets.

Recently, Stubenrauch et al (Magno et al., 2009) and Sanchez-Dominguez et al. (Aubery et
al., 2011) have reported systematic studies on the effects of addition of reactants to nonionic
microemulsion systems. It was shown (Magno et al., 2009) that, depending on the aqueous
nature of nonionic microemulsion systems, and the salting-in or salting-out effect of the
additives, both increase or decrease on the water solubilization could be obtained. The same
group studied the effects of different salts on the water solubilization of ionic
microemulsions of the system aqueous phase / AOT/butanol /decane (Stubenrauch et al.,
2008). They found that depending on the type of precursor (salts of Pt, Bi, or Pb) or the
reducing agent (NaBHy), different behaviors can be obtained, and it was necessary to add
different amounts of SDS and 1-butanol in order to keep both the w/o nature of the
microemulsion droplets as well as their size (which was only assessed theoretically based on
microemulsion composition).

In the studies by our group on the effects of addition of precursor salts and precipitating
agent to the non-ionic microemulsion system aqueous solution / Synperonic® 13/6.5 /
isooctane (Aubery et al., 2011), several factors were taken into account: phase behavior
(pseudoternary phase diagrams at constant temperature), dynamicity (presence or absence
of percolation in W/O structures, or formation of bicontinuous microemulsions), and
droplet size (DLS). It was possible to obtain w/o microemulsions at a wide range of
overlapping compositions for both precursor salts and precipitating agent. In fact, the
microemulsion regions were considerably enlarged upon addition of precursors and
precipitating agent; this behavior is contrary to what is typically obtained with ionic systems
which have their microemulsion region reduced with addition of salts. It was difficult to
obtain both type of microemulsions in either a non-percolated or percolated state; this was
characterized extensively by conductivity, FT PGSE NMR and hydrophilic dye diffusion
studies. When pseudobinary phase diagrams as a function of temperature were carried out,
there were some compositions and temperatures at which both precursor salts and
precipitating agent microemulsions were either percolated, not percolated or bicontinuous.

2.4 Dynamic processes

Among the dynamic processes in microemulsions, interactions of droplets components and
droplet- droplet interactions must be taken into account (Fletcher et al, 1987; Fletcher &
Horsup, 1992; Moulik & Paul, 1998). Concerning interactions of droplets components in a
W/O nonionic microemulsion, a schematic representation is depicted in Figure 4. The
example concerns an aqueous droplet stabilized by a mixture of surfactant and cosurfactant
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molecules. The aqueous domain is composed by bounded water (hydrating the
surfactant/cosurfactant hydrophilic domains) and free water (forming the droplet core). The
exchange process to reach microemulsion equilibria comprises: 1) exchange of water
between the bounded and free state; 2) exchange of cosurfactants among the interfacial film,
the continuous phase and the dispersed phase (depending on its solubility). If ionic species
are solubilized in the aqueous solution, they exchange ions between the bounded and free
water. The composition of the aqueous droplets, their concentration and the temperature are
mayor factors defining further interactions between them.

Droplet-droplet interactions depend strongly on droplet concentration, solvent viscosity,
temperature, rigidity or flexibility of interfacial layer, and interactions between surfactant
tails (Capek, 2004; Lopez-Quintela, 2003). When water or oil droplet dispersions are present,
the droplets continuously collide, break apart, aggregate and break apart giving rise to
dynamic processes in microemulsions. These dynamic processes allows microemulsion
droplets to continuously exchange their content in microsecond scales. The composition of
the aqueous droplets, as explained above, has a great influence on droplet interactions. As
an example, the interfacial layer plays an important role on the formation, stability and
discrete nature of microemulsion droplets. The film rigidity has been observed to increase
with the surfactant hydrocarbon chain, whereas it substantially decreases with cosurfactant
addition. The surfactant packing capacity can be also affected by the ionic strength of the
droplets (Aramaki et al., 2001; Kunieda et al., 1995). The increase of surfactant molecules in
the layer is proportional to the rigidity of the micelles.

Free water Bounded water

™~ Cosurfactant
— . —~ ’ molecule

Surfactant
molecule

Qil
(Continuous phase)

Fig. 4. Schematic representation of W/O microemulsion droplet. (Adapted with permission
from Moulik, 1998).

Changes on microemulsion dynamics giving rise to structural transitions can be explained
in terms of percolation. Figure 5 refers to a percolation process taking place in W/O
microemulsions (Borkovec et al., 1988), as the oil to water ratio ¢, is varied. As observed in
Figure 5, at high oil concentration, the fraction of water in discrete droplets increases with
water composition (decreasing oil concentration) up to a concentration, where it drastically
decreases. This concentration is called Percolation Concentration Cp. Although
clusterization occurs below Cp (low water concentrations), these clusters remain finite in size
respect to the bulk solution. Cp represents the concentration at which the first infinite cluster
appears. Further increase on water concentration would lead to the disappearance of
discrete water droplets to give rise to an increase of infinite water and oily domains, which
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are characteristic of bicontinuous microemulsions. Water percolation can also be induced by
temperature, and is defined as the percolation temperature Tp.
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Fig. 5. Schematic representation of structural regimes of microemulsions caused by water
percolation as a function of the relative amount of oil. Reprinted (adapted) with permission
from Borkovec M., Eicke H.-F., Hammerich H., & Das Gupta, B. (1988) J. Phys. Chem., 92,1,
pp- (206-211). Copyrigh (1988) American Chemical Society

3. The microemulsion reaction method: introduction and generalities

A brief description of the synthesis of nanoparticles in W/O microemulsions has already
been given in Section 1, along with an explanatory figure (Figure 1). Colloidal nanoparticle
formation is a complex process, which includes nucleation and growth steps -giving rise to
nanoparticle formation- as well as eventual coagulation and flocculation.

3.1 Mechanism of nanoparticle formation

A model of particle precipitation in a homogeneous aqueous medium has been proposed
by La Mer (La Mer & Dinegar, 1950). The model involves particle nucleation at short
times. As soon as monomer formation takes place due to chemical reaction, its
concentration increases up to the point of spontaneous nucleation, which occurs over a
critical supersaturation concentration [C]c. Afterwards, growth takes place (Figure 6). The
growing step is mainly controlled by the diffusion of monomers in solution (C) onto the
particles surface. Thus, C reaches a maximum and afterwards it begins to decrease. This
decrease in monomer concentration is due to the growth of the particles by diffusion. In
microemulsions, the number of nucleated sites is expected to be higher, comparing to
homogeneous reactions, as illustrated in Figure 6. On the other hand, the diffusion
controlled particle growth should occur at lower rate. Another model is based on the
thermodynamic stabilization of the particles. In this model the particles are
thermodynamically stabilized by the surfactant. The size of the particles remains constant
when the precursor concentration and the size of the aqueous droplets vary. Nucleation
occurs continuously during the nanoparticle formation.
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Fig. 6. Monomer concentration [C] as a function of time in microemulsions, compared to a
homogeneous system. (Adapted from La Mer & Dinegar, 1950 and Schmidt, 1999).

3.2 Reaction kinetics

Although microemulsions as reaction media for the synthesis of inorganic nanoparticles
have been extensively studied, the kinetics of these reactions is still not completely
understood. As mentioned above, several types of nanoparticles have been synthesized
using a variety of surfactant systems, and relationships between the nanoparticles
characteristics and the microemulsion media are not straightforward due to the diversity of
variables which can have an influence, and this may be closely related with complex
kinetics. An effort to relate the surfactant media with the reaction kinetics was reviewed by
Lopez-Quintela et al. (Lopez-Quintela et al., 2004), concerning both inorganic and organic
syntheses in microemulsions. Few studies can be cited concerning the follow-up of reactions
with time, due to the fast rate of microemulsion reactions. Some of these works are pointed
out below:

1. Bandyopadhyaya et al. (Bandyopadhyaya et al., 1997) have modelized CaCOs
formation in microemulsions by carbonation. A time-scale analysis was developed,
resulting in a model of reaction kinetic that closely corresponded to results obtained
experimentally.

2. Chew et al. (Chew et al., 1990) have studied the effect of alkanes in the formation of
AgBr particles in ionic W/O microemulsions (using AOT as surfactant), where the
transmittance of the reactions were followed with time with UV-Vis and Stopped-Flow
Spectrophotometry. They have found an increase on reaction rate with the chain lenght
of the alkane.

3. Curri et al. (Curri et al., 2000) studied the role of cosurfactant on the synthesis of CdS
nanoclusters, using CTAB as surfactant. Stopped-Flow Spectrophotometry was used in
order to compare a reaction using CTAB plus cosurfactant and other carried out using
AOT. They have summarized two different cosurfactant effects: the influence of the
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surfactant film flexibility on particle growth and the particles stabilization in solution,
determined by the adsorption of cosurfactant onto the particle surface.

4. Lopez-Quintela et al. (De Dios et al.,, 2009) simulated the kinetics of nanoparticles
formation in microemulsions. Simulations were carried out by comparing Ag, Ag-Au
and Au formation with experimental data reported by Destrée and Nagy. (Destrée &
Nagy, 2006). The detailed comprehension of the kinetics taking place in microemulsion
reactions is limited by the experimental data in this direction. Hence, systematic studies
focused on reaction rates are greatly encouraged in order to advance in this field.

3.3 Parameters influencing on nanoparticle synthesis

Although complete control of particle characteristics is still far from clear and direct, some
results on this field can be pointed out as shown below.

Aqueous solution concentration. It have been described in several publications the particle size
dependency with water:surfactant molar ratio (wo). In general, it has been observed that, as
increasing wyo, an increase on particle size is observed (Pileni, 1997; Lopez-Quintela, 2003).
However, Cason et al. (Cason et al., 2001) have found that, with different wy, it was possible
to obtain constant particle size if the reaction time increases for the synthesis to get
completed. They proposed that the growth of the particles is affected by wy. It was
considered that for low wq values, the aqueous solution is not enough to completely hydrate
the polar groups of the surfactant and the counterion. As a consequence, the film rigidity is
higher compared to higher wo values. This influences on the micellar exchange and, as a
consequence, the growth rate decreases. Increasing wo, the micelle rigidity decreases
generating an increase in the growth rate up to a certain concentration, where further
increase in wo simply causes reagent dilution, which causes a decrease in the growth rate.
Some studies have indicated a decrease on particle size with wo (Bagwe & Khilar, 1997).

Reagent concentration: Particle size have been determined to be directly dependent on reagent
concentration (Lopez-Quintela, 2003). An example is the work carried out by Destrée &
Nagy (Destrée & Nagy, 2006). They have synthesized Pt nanoparticles, using different
concentrations of K,PtCly. An increase on particle diameter from 2 to 12 nm was obtained,
by increasing the concentration of the precursor. On the other hand, an increase on the
precipitating/ precursor ratio generally causes a decrease on particle size (Lisiecki & Pileni,
2003). It is thought that increasing precipitating agent concentration, particle nucleation can
be favored in a higher extent, which further grow simultaneously, resulting in particles with
lower size and polydispersity.

Surfactant and cosurfactant: Studies in order to determine the effect of nonionic hydrophilic
and lypophilic surfactant groups have been developed. As the lypophilic chain of the
surfactant is longer, smaller particles are obtained due to the increased micellar rigidity
Generally, the addition of cosurfactant causes an increase micellar exchange, due to the
decrease in the interfacial film rigidity. It is thought that the increase in microemulsion
droplet size is counteracted with the increase on surfactant film curvature, generating
smaller particles than without cosurfactant (Lopez-Quintela et al., 2004).

Solvent: Some studies have shown that low weight oil molecules, with low molecular
volumes, can penetrate in the sufactant hydrocarbon chains, increasing the film curvature
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and rigidity (Cason et al., 2001). This effect has been observed to produce micellar exchange
decrease and, consequently, smaller particles are obtained.

Electrolytes: Some studies reveal the possible dependence of nanoparticle shape with
electrolyte addition (Filankembo et al., 2003). Pileni (Pileni, 2003) has postulated that the
selective ion or molecule adsorption over nanocrystal layers can affect their growth in
certain directions, which could explain the apparent preference on certain particle shape.

Microemulsion structure: Some studies have claimed about the nanoparticle shape partial
dependence on microemulsion structure, where the microemulsion media acts as a
template. A particular example is the work carried out by Pileni (Pileni, 2001) on the
preparation of Copper nanoparticles from microemulsions by varying the internal structure.
Spherical water droplets resulted in spherical particles, water cilinders resulted in
cylindrical copper nanocrystals (with spherical particles) and a mixture of W/O
microemulsion with lamellar phase resulted in a mixture of particle shape such as spheres,
cylinders, etc. It was found that the template was not the only parameter which controls the
shape of nanocrystals. There are examples of nonexistent correlation between the
microemulsion structure and the nanoparticles obtained, which supports the nanoparticle
shape dependence on electrolyte adsorption (Chen & Lin, 2001).

Even though there is a diversity of studies carried out in order to relate nanoparticle
characteristics with microemulsion properties, there is a gap in the effects of microemulsion
dynamic behavior on nanoparticle characteristics, as systematic studies in this direction are
scarce. The transport and micellar dynamics influence to some extent the nanoparticle
formation, and it is important to take this into account in order to understand the basics of
nanoparticles synthesis by this route. This type of studies may give rise to improvements on
controlled nanoparticle characteristics.

4. Recent advances in the use of microemulsions as confined reaction media
for the synthesis of inorganic nanoparticles

There have been a number of advances in different aspects of the synthesis of nanoparticles
in microemulsions over the last four years. The main ones are: the use of other types of
microemulsions for synthesis (O/W and bicontinuous microemulsions), the preparation of
more complex architectures (core/shell and multishell, hybrid nanocrystals), the synthesis
of more complex ceramics (spinels, perovskites, etc), modeling of reactions in
microemulsions, and novel approaches for the separation of nanoparticles from the reaction
mixtures. The most outstanding examples of each of these aspects are given below.

4.1 The use of other types of microemulsions for inorganic nanoparticle synthesis

One of the main drawbacks of the technique reviewed so far (synthesis in W/O
microemulsions) and the main reason why it has not been generally accepted for production
at the industrial scale, is the fact that these microemulsions employ large quantities of
organic solvent, as well as its limited production capacity, since this is restricted to the
amount of aqueous phase solubilized and the concentration of precursor which often cannot
be that high due to interactions with the surfactant, as discussed in Section 2.3. Some
research groups have been working in new approaches to overcome these drawbacks.
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4.1.1 Synthesis in oil-in-water microemulsions

Our research group in collaboration with the group of Boutonnet, has developed a novel
and straightforward approach based on O/W microemulsions (Sanchez-Dominguez et al.,
2009). From a practical and environmental point of view, the possibility of preparing
inorganic nanoparticles using O/W instead of W/O microemulsions may be highly
advantageous, since the major (continuous) phase is water. The method consists in the use
of organometallic precursors, dissolved in nanometer scale oil droplets of O/W
microemulsions (Figure 7), and stabilized by a monolayer of hydrophilic surfactant. The first
work reported as a proof of concept the synthesis of metallic (Pt, Pd, and Rh) as well as
metal oxide (CeO,) nanoparticles (Sanchez-Dominguez et al., 2009). Small (around 3 nm),
nanocrystalline materials with a narrow size distribution were obtained (Figure 8).

It was followed by the synthesis of the following mesoporous nanocrystalline oxides: CeO,
Zr0,, Ce5Zr050,, and TiO; (Sanchez-Dominguez et al., 2010). Small particle size (3 nm), and
high specific surface area (200-380 m2 g-1) was obtained for all materials. Nanocrystalline
cubic CeO, and Ceo5Zro50, were obtained under soft conditions (35°C). The materials were
evaluated as catalyst supports in the CO oxidation reaction by doping them with Au (2 wt%,
impregnation technique). The resulting catalysts showed a high Au dispersion
(HRTEM/EDX). These materials showed a good activity in CO oxidation at low
temperature (Tso of 44°C for TiO,). This study demonstrates the feasibility of this approach
for the preparation of highly active catalysts.

In a more recent study by the same group (Tiseanu et al., 2011), Eu-doped luminescent CeO>
nanocrystals were prepared by the same method. Several characterization techniques ( X-ray
diffraction, RAMAN spectroscopy, UV-Vis diffuse-reflectance, FTIR as well as time-resolved
photoluminescence spectroscopy) were used to characterize the nanocrystals, and it was
shown that there was a surface enrichment of Eu®*, which diffused progressively to the
inner Ceria sites upon calcination. Under excitation into the UV and visible spectral range,
the calcined europium doped ceria nanocrystals display a variable emission spanning the
orange-red wavelengths. A remarkable result was that the surface area of the powders
remained as high as 120 m?2 g-1 even after calcination at 1000°C.

Qil + organcmetallic precursor A collision & coa!escef:ce of droplets nanoparticles
transient dimers

addition of nucleation

and growth ﬁ

Nanoparticles are
obtained

precipitating agent B

Reactants meet at the
interface

Fig. 7. TEM micrographs and related particle size distribution histograms of nanoparticles
prepared in O/W microemulsions: (a) Pt, (b) Pd, (c) Rh and (d) CeO,. Scale bar: 50 nm,
except d (10 nm) and inset of d (5 nm). Reproduced with permission
(Sanchez-Dominguez et al., 2009).
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It should be pointed out that in all of these examples, only one microemulsion is used for
synthesis, as opposed to what is typically needed with the W/O method (two microemulsions,
one bearing the precursors and another one the precipitating agent in the aqueous phase).
Since most precipitating agents are water-soluble, it means that it can be added directly to the
microemulsion without affecting its O/W structure, and hence only one microemulsion,
containing the organometallic precursor is prepared. Hence, the mechanism occurring in this
approach is most likely different; possibly, it is an interfacial reaction. Modelization studies in
conjunction with kinetic experiments need to be carried out in order to clarify this point.
Considering these results, the perspectives of this novel O/W microemulsion reaction
approach are very positive, and should complement the W/O microemulsion method,
offering a greener alternative. Finally, it must be highlighted that the typical metal loading in
the microemulsions reported, and hence the typical production capacity ranges from 2 to 5
grams of nanoparticles per kg of microemulsion, which is comparable and in some cases
superior to typical metal loadings achieved in W/O microemulsions.

4.1.2 Synthesis in bicontinuous microemulsions

An interesting approach to boost the metal loading and hence the nanoparticle production
capacity of microemulsions is the use of bicontinuous microemulsions. Lopez et al.
(Esquivel et al., 2007; Loo et al., 2008) have reported this approach for the synthesis of
magnetic nanoparticles. A microemulsion system based on cationic surfactants was used for
the synthesis of a mixture of maghemite/magnetite nanoparticles, using bicontinuous
microemulsions at 80°C, with 30-40 wt% of aqueous phase. They obtained small
nanoparticles (8 nm) with a narrow size distribution, a nanocrystalline structure and
superparamagnetic behavior. Furthermore, the yield of the reactions was as high as 1.16 g of
product per 100 grams of microemulsion, which is rather high compared to what can be
obtained in most w/o microemulsion systems (0.05 - 0.2 grams per 100 g microemulsion).
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Fig. 8. TEM micrographs and related particle size distribution histograms of nanoparticles
prepared in O/ W microemulsions: (a) Pt, (b) Pd, (c) Rh and (d) CeO,. Scale bar: 50 nm, except d
(10 nm) and inset of d (5 nm). Reproduced with permission (Sanchez-Dominguez et al., 2009).
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The same research group reported recently the synthesis of silver nanoparticles by the same
approach (Reyes et al., 2010; Sosa et al., 2010), by using a microemulsion system based on
AOT/SDS as the surfactant system and toluene as the oil. Depending on the surfactant: oil
ratio, the authors found the formation of only globular nanoparticles or a mixture of
interconnected, worm-like structures plus globular nanoparticles. The reaction yields for
these materials was also remarkably high (up to 1.4 g of silver nanoparticles per 100 g of
microemulsion). In all of these works, only one microemulsion was necessary for
nanoparticle preparation, as the precipitating agent was added directly, as an aqueous
solution, to the microemulsion containing the metallic precursors. This aspect also
contributes to the greener quality of this approach as compared to the traditional W/O
microemulsion reaction method.

4.1.3 Synthesis in microemulsions with an optimized aqueous phase uptake

In the work carried out by our group concerning a nonionic system (Aubery et al., 2011),
large microemulsion regions were obtained when the reactants were incorporated, as
mentioned in Section 2.3. Thanks to this high aqueous phase uptake and the overlap of
microemulsion regions for both precursor salts and precipitating agent, synthesis of Mn-Zn
ferrite nanoparticles could be carried out using a wide range of compositions. Futhermore,
different scenarios were available for nanoparticle synthesis: W/O non-percolated, W/O
percolated, and bicontinuous microemulsions. Differences were observed in the
characteristics of the synthesized nanoparticles depending on the type of microemulsions
used, and in all cases spinel nanocrystalline particles with superparamagnetic properties
were obtained, directly in the microemulsion, without the need for calcination. The aqueous
phase content ranged from 5 wt% to 50 wt%, which represents a boost in the production
capacity. This study should encourage further research into optimized non-ionic
microemulsion systems, since although the presence of salts affects their phase behavior, it
does so in such a way that aqueous solubilization can be significantly increased at a certain
temperature, which can be investigated by phase behavior studies.

4.2 Preparation of more complex architectures

In this regard, most of the studies concern core-shell studies, although some other structures
include multiple core-shell particles, hollow spheres and nanowires and nanorods.

4.2.1 Corel/shell nanoparticles

A large majority of the core-shell nanoparticles synthesized in W/O microemulsions contain
silica, usually as the shell material. In the last few years, the W/O microemulsion approach has
been gaining popularity over the well-known adaptation of the Stober method (Nann &
Mulvaney, 2004), for coating a diversity of nanoparticles with a silica shell. This is because it
has been observed that the microemulsion method results in a better shell thickness control
(Dong H, 2009), as compared to the adapted Stober method, which is based on the sol-gel
technique. It must be pointed out that in the majority of the studies, the core material was
synthesized in a previous step, by a different method, usually hydrothermal or solvothermal
techniques (Dong B. et al., 2009; Dong H et al., 2009; Qian et al., 2009; Vogt et al., 2010; Wang J.
et al., 2010). Nevertheless, a very interesting point from these investigations is the strategy on
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how this silica shell is deposited onto the core; this sophisticated approach is probably the
reason for the high control achieved. The core nanoparticles are usually functionalized for one
or two purposes: one is in order to be very well dispersed in one of the microemulsion phases
(the oily or the aqueous phase), the other is for very controlled deposition of silica via
hydrolytic copolymerization with silanized molecules such as (3-aminopropyl)triethoxysilane
(APTES), which were covalently linked to the core particles. By this approach, uniform
CdTe@silica nanoparticles with a regular core - shell structure, 48+3 nm in diameter were
obtained by Dong H. et al. (Dong H. et al., 2009). In their work, the initial core CdTe particles,
synthesized by a hydrothermal method, were functionalized with thioglycolic acid, so they
could be reacted with APTES and then dispersed in the aqueous phase of the microemulsion.
The silica precursor, TEOS, was dissolved in the oily phase of the microemulsion (cyclohexane
and octanol), and the silica shell was then formed by addition of ammonia. In the work by
Dong B. et al (Dong B. et al.,, 2009), on the other hand, the core ZnS:Mn particles were
functionalized with oleic acid and hence dispersed in the oil phase of the microemulsion, and
the silica layer was deposited by reacting TEOS with ammonia in the W/O microemulsion
containing the core particles dispersed in the oil. Figure 9 shows TEM results of these core-
shell particles.

Fewer examples deal with the formation of core-shell nanoparticles in which both the core
and the shell have been synthesized in a W/O microemulsion (Chung et al., 2011; Takenaka
et al.,, 2007). Takenaka et al. prepared Ni nanoparticles in a W/O microemulsion, and
afterwards TEOS and ammonia were added in order to form the silica layer. Core-shell
nanoparticles with 20-50 nm diameter and a Ni shell (5 nm) were formed. For comparison,
silica nanoparticles were prepared also in W/O microemulsions but the Ni nanoparticles
were prepared by impregnation of these silica nanoparticles. Their catalytic activity in the
partial oxidation of methane reaction was evaluated, and the core-shell nanoparticles had a
better performance than the impregnated ones (Takenaka et al., 2007). On the other hand,
Chung et al. prepared silica nanoparticles coated with a thin layer of CeO,, and the material
was also prepared in W/O microemulsions in a two-step procedure (Chung et al., 2011).
This reaction turned out to be challenging as the formation of CeO; shell was competing
with bulk precipitation. The problem was overcome by coupling two strategies:
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Fig. 9. TEM image of ZnS:Mn@silica nanoparticles with a core - shell structure.
(Reproduced with permission, Dong B. et al. 2009).
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functionalization of the surface of the core silica nanoparticles with an organoamine group,
and step-wise, semi-batch addition of the second microemulsion containing the Ce
precursor. In this way, the silica cores were homogenously coated with a CeO; shell.

As for core-shell nanoparticles made up of materials different from silica, the synthesis of
both the core and the shell is usually carried out in W/O microemulsions, either in a two
step process by preparing first the core and the later deposition of the shell (by adding more
aqueous phase or more microemulsion comprising the second component), or both
precursors are incorporated simultaneously, but the different reaction kinetics for each of
the products results in a core-shell structure. The following core-shell nanomaterials can be
listed: Pt@CeO; (Yeung & Tsang, 2009 and 2010), Co@Ag (Garcia-Torres et al., 2010),
FeoOs;@Au (Iglesias-Silva et al., 2010), Ni@Au (Chiu et al., 2009), Ag@Polystyrene (Li et al.,
2009), and CdS@TiO, (Ghows & Entezari, 2011). So far, the core@shell structures of these
materials is not as well defined and controlled as that obtained with core@silica materials.

4.2.2 Hollow nanospheres

Jiang et al. have prepared hollow nanospheres of Ni (Jiang et al., 2010) and CuS (Jiang,
2011), by following an approach which resembles that reported by Sanchez-Dominguez et
al. (Sanchez-Dominguez et al., 2009). Jiang et al. used an o/w microemulsion in which the
precursor (a naphtenate), was dissolved in the oil phase (dimethylbenzene) of a
water/SDS/butanol/ dimethylbenzene microemulsion. The precipitating agent was added
in the water phase. The authors explain that an interfacial reaction occurs, and hollow
nanospheres of about 100-200 nm are formed (Figure 10, for Ni hollow spheres). These are
made-up of smaller nanoparticles. One difference between Jiang’s method and that reported
by Sanchez-Dominguez et al is that in the former, the temperatures used for reaction are
higher (85°C for Ni; post-synthesis hydrothermal treatment for CuS), whereas in the latter
the temperatures used are near room temperature (25-35°C).
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Fig. 10. TEM image of the Ni hollow spheres and (b) a single Ni hollow sphere. Inset: SAED
pattern. Reproduced with permission (Jiang et al., 2010).

4.2.3 Nanowires, nanorods

Some works describe the formation of nanowire-like or nanorod structures. Usually, in
order to obtain such high aspect ratio structures, it is necessary to carry out the synthesis at
a relatively high temperature, or include a certain post-synthesis thermal treatment. Wang et

www.intechopen.com



New Trends on the Synthesis
of Inorganic Nanoparticles Using Microemulsions as Confined Reaction Media 211

al. synthesized single-crystalline ZnO nanowire bundles with a length of about 1 pm and a
diameter of about 20-30 nm (Wang G. et al., 2010). The approach was by reacting zinc
acetate with hydrazine in a w/o microemulsion based on water/dodecylbenzene sulfonic
acid sodium salt /xylene. The reaction temperature is not mentioned, however for reflux of
xylene is achieved around 140°C. The relatively high reaction temperature and the heating
time is possibly the driving force for the growth of the nanowires, as different structures
were obtained at shorter reaction times. Also, it must be pointed out that the precursor used,
zinc acetate, is soluble in both water and the oil phase, which is an unusual approach.

Wu et al. synthesized nanowires of Zn/Co/Fe layered double hydroxides using a w/o
microemulsion based on water/CTAB/n-hexanol n-hexane (Wu et al, 2010). In their
approach, the sulfate salts were used as precursors, hence these were dissolved in the
aqueous phase only, and urea was used as precipitant. The influence of reaction
temperature, time, urea concentration and CTAB to water molar ratio on the structure and
morphology of Zn/Co/Fe-layered double hydroxides was investigated. The possible reason
for nanowire growth is the solvothermal treatment of the reaction mixture which was
carried out in an autoclave at 80-180°C during 6-24 hours. The thermal treatment in the
autoclave was a key factor for annealing and therefore obtaining both a crystalline structure
and formation of high aspect ratio particles (nanowires).

4.3 Synthesis of complex ceramics

The w/o microemulsion reaction method has been used for the synthesis of complex
ceramic nanoparticles such as perovskites, spinels, aluminates, and hexaferrites. Often,
nanoparticles of precursors such as hydroxides or other amorphous compounds are
synthesized in the microemulsions, and these are afterwards calcined at a certain
temperature in order to obtain the desired crystalline structure.

He et al. synthesized nanoparticles of perovskite-type oxides LaosCep2CuosMngsOs; and
LagsCeo2Ago4Mno O3 (He et al., 2007). The microemulsion used was CTAB/butanol /water
/heptane, and for comparison purposes, the same materials were synthesized by the sol-gel
technique. The precipitation of the precursors was carried out with NaOH for the
microemulsion method, whereas citric acid was used for the sol-gel method. The particle
size distribution was smaller and more uniform and the specific surface area was higher for
the particles synthesized in microemulsions than those synthesized by sol-gel. Furthermore,
the catalytic activity in the NO reduction by CO was evaluated. Performance of perovskites
synthesized in microemulsion was superior than that of materials synthesized by sol-gel.

Gianakas et al. (Gianakas et al., 2007) reported the synthesis of spinel-type metal aluminates
MALO, sutwhere M=Mg, Co, o Zn using w/o and bicontinuous microemulsions. They
carried out a very complete phase behavior study, which included pseudoternary phase
diagrams for each precursor combination as well as the precipitating agent, ammonia. The
microemulsion system was: aqueous solution/ CTAB/butanol/ octane. The spinel structure
was achieved after calcination at 800°C. It was found that spinels synthesized in reverse
microemulsions showed better surface and textural properties, as well as smaller particle
size than spinel synthesized in bicontinuous microemulsions. As for catalytic activity, which
was evaluated in the NO reduction by CO, the spinels synthesized in w/o microemulsions
was slightly superior. Similar characteristic size was obtained by Wang et al. (Wang Y. et al.,
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2007) for nanoparticles of manganese-doped barium aluminate BaAl;,O19: Mn?2*; calcination
at 1300°C was carried out in order to obtain the crystalline phase expected. The evaluation
of photoluminescent properties of this material showed that this phosphor is a good
candidate to replace Hg lamps.

Other good examples of ceramic materials obtained in w/o microemulsions include: barium
hexaferrite (BaFei2O19) nanoparticles (Xu et al., 2007), tungsten oxide (WO3) nanoparticles
(Asim et al., 2007), and rutile TiO, nanoparticles (Keswani et al., 2010). In the last example, it
is remarkable that the rutile phase was obtained at room temperature, without the need for
thermal treatment, hence the size of the rutile nanocrystals remained as small as 4 nm.

4.4 Modeling of reactions in microemulsions

There have been a number of studies dealing with the theoretical aspects of nanoparticle
formation by the microemulsion reaction method. Most of these studies use the Monte Carlo
method. The studies carried out in the last four years are focused on several aspects: kinetics
of nanoparticle formation (de Dios et al., 2009), formation of bimetallic nanoparticles (Tojo et
al., 2009; Angelescu et al., 2010), droplet exchange (Niemann & Sundmacher, 2010), cluster
coalescence (Kuriyedath et al., 2010), and core-shell nanoparticle formation (Viswanadh et
al., 2007).

Kinetics of nanoparticle formation in microemulsion were studied for the Ag and Au
nanoparticles using Monte Carlo simulations by de Dios et al. (de Dios et al., 2009). It was
shown that, although the material interdroplet exchange depends primarily on the flexibility
of surfactant film, a slow reaction rate leads to a more effective material interdroplet
exchange for a given microemulsion. Two factors contribute to this result. Firstly, a slow
reaction implies that autocatalytic growth takes place for a longer period of time, because
there are available reactants. If the reaction is faster, the reactants are almost exhausted at
early stages of the process. As a consequence, autocatalytic growth is only possible at the
beginning. Secondly, a slow reaction rate implies the continuous production of seed nuclei,
which can be exchanged between micelles due to their small size, allowing the coagulation
of two nanoparticles. This exchange only takes place at early stages of the synthesis. Both
factors, autocatalysis and ripening, favor the slow growth of the biggest nanoparticles
leading to the production of larger particles when the reaction is slower.

With respect to the formation of bimetallic nanoparticles in microemulsions, the same
research group (Tojo et al., 2009), carried out Monte Carlo studies in order to explain the
different structures that can be obtained when bimetallic nanoparticles are synthesized in
microemulsions. They observed that the difference in reduction rates of both metals is not
the only parameter to determine metal segregation; the interdroplet channel size also plays
an important role. The reduction rate difference determines nanoparticle structure only in
two extreme cases: when both reactions take place at the same rate, a nanoalloy structure is
always obtained. In contrast, if both reactions have very different rates, the nanoparticle
shows a core-shell structure. However, in the large interval between both extreme cases, the
nanoparticle structure is strongly dependent on the intermicellar exchange, which is mainly
determined by the flexibility of the surfactant film around the microemulsion droplets. In a
related study by Angelescu et al. (Angelescu et al., 2010), it was found that the bimetallic
nanoparticle structure is mainly determined by the difference in the reduction rates of the
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two metal ions and the excess of reducing agent. An intermetallic structure is always
obtained when both reduction reactions take place at about the same rate. When the metal
ions have very different reduction potentials, a core-shell to intermetallic structure transition
is found at increasing the excess of the reducing agent. An enhancement of the intermetallic
structure at the expense of the core-shell, can be obtained either by decreasing the
concentration of both metal salts or by increasing the interdroplet exchange rates. The
results obtained by these studies has positive implications in the general formation of
bimetallic nanoparticles with a given structure (core-shell or nano-alloy).

4.5 Novel approaches for the separation of nanoparticles from reaction mixtures

Often, the nanoparticles formed in a microemulsion are so well dispersed in the reaction
media that some solvent has to be added in order to destabilize the microemulsion, which
causes desorption of surfactant from the particles, which aggregate and precipitate, making
their separation by centrifugation or filtration easier. Sometimes, during this aggressive
process the nanoparticles end up so agglomerated that it is difficult to re-disperse them.
Some novel and straightforward approaches have been proposed for an improved recovery
or phase transfer of nanoparticles from microemulsion media.

Eastoe et al. (Hollamby & Eastoe, 2009; Myakonkaya et al., 2010, 2011; Nazar et al., 2011;
Vesperinas et al., 2007) have proposed three approaches for nanoparticle recovery. One of
them is based on the use of a photodestructible surfactant for microemulsion formation, and
in the final step, irradiation with UV-light induces microemulsion destabilization and hence
separation of Au nanoparticles (Vesperinas et al., 2007). In another approach, excess water is
added at the end of the reaction, to the microemulsion containing the nanoparticles,
inducing a change in phase behavior and hence microemulsion destabilization, followed by
phase separation. Interestingly, by this approach, usually the nanoparticles remain in the oil
phase, which can be diluted with organic solvents to form stable nanoparticle dispersions
(Nazar et al., 2011). This method shows potential benefits for dispersion, storage,
application, and recovery of NPs, with the great advantage that it is not necessary to add
organic solvents for nanoparticle separation. In other approach by the same group,
nanoparticle separation has been achieved by changing the solvent quality, for example,
adding squalene to water/AOT/octane microemulsion containing Au nanoparticles
(Myakonkaya et al., 2010).

Abecassis et al. have proposed nanoparticle separation by thermally inducing the phase
separation of the microemulsion media (Abecassis et al., 2009). This was applied to the
synthesis of Au NPs, which upon destabilization remained preferentially in the oil phase.

5. Conclusions and perspectives

It has been shown that the microemulsion reaction method is a versatile technique, useful
for the controlled synthesis of a large variety of nanomaterials, from metals, metal oxides,
ceramics, quantum dots, magnetic nanoparticles, etc. The method has now been extended to
the synthesis of other types or architectures, such as core-shell, multishell, hollow spheres
and nanowires, in addition to the traditional small globular particles. Although for about 25
years only w/o microemulsions were used for the synthesis of inorganic nanoparticles, in
the last five years the use of o/w and bicontinuous microemulsions has also been
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developed, and their usefulness for the synthesis of a variety of nanomaterials has been
demonstrated. These developments are greener than the traditional w/o microemulsion
method, so it should contribute to an advance towards the industrial use of microemulsions
for nanoparticle synthesis. Furthermore, there have been efforts towards boosting the metal
loading in microemulsions, in order to increase their production capacity. The investigations
on novel approaches for nanoparticle recovery should also be taken into account by more
research groups for the improvement of nanoparticle quality and dispersability in different
media. The new developments reviewed here should encourage the preparation of novel
materials with different architectures, in order to respond quickly to the demands of
Nanotechnology and Materials Science. It is hoped that this chapter is useful to students and
researchers who start exploring the microemulsion reaction method for nanoparticle
synthesis, as well as for those not new to the field but who are looking for the newest trends
in this fascinating technique.
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