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Abstract
Metal nanoparticles (NP) and mesoporous oxide thin films (MPF) can be com-
bined to synthesize new nanocomposite materials (NP@MPF), with novel opti-
cal, catalytic, and sensing properties derived from the components combination
and synergy. In this chapter, the usual synthesis methods together with the
characterization techniques used to understand the composite structure will be
described. The evolution of included NP and the nanocomposite stability during
chemical, physical, or thermal treatments will be discussed. Finally, the most
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remarkable applications of these NP@MPF materials will be presented, including
examples about their potential use in catalysis, photocatalysis, sensors (based on
plasmonic and enhancement properties), and optical devices.

Introduction

The synthesis of ordered mesoporous oxides (MP) has experienced a great devel-
opment during the last 20 years. These materials, whose pore diameters (from 2 to
50 nm) and array are carefully controlled, are prepared combining the self-
assembly of amphiphilic molecules and sol-gel reactions. The supramolecular
arrays formed by the amphiphilic molecules act as a template around which the
oxide is formed, by the hydrolysis and condensation of an appropriate precursor.
After thermal stabilization and template elimination, the final material presents
high specific surface area and an ordered array of monodisperse pores. The field
started its development with the MCM SiO2 family in 1992 (Beck et al. 1992;
Kresge et al. 1992), and since then, an enormous amount of MP materials with
diverse chemical compositions has been developed (Kresge and Roth 2013;
Lebeau et al. 2013; Gu and Schuth 2014; Li et al. 2014b). The materials can be
obtained as powders, monoliths, membranes, fibers, and thin films, taking advan-
tage of the versatility of the sol-gel route.

Mesoporous oxide thin films (MPF) are particularly interesting for many rea-
sons, including high possibility of integration in current material processing
technologies, flexibility of synthesis over very diverse substrates, and easy manip-
ulation and extraction from a reaction medium (Innocenzi and Malfatti 2013). MPF
are generally obtained by dip or spin coating techniques, using the evaporation-
induced self-assembly methodology (Brinker et al. 1999). Awide variety of oxides
have been synthetized to the date, including pure oxides (TiO2, SiO2, ZrO2,
Al2O3), mixed oxides (Ti–Si, Zr–Si, Zr–Ti, Zr–Ce), and hybrid oxides (Soler-
Illia and Innocenzi 2006; Sánchez et al. 2008; Innocenzi and Malfatti 2013;
Carretero-Genevrier et al. 2014). A wide variety of pore sizes and arrays can be
easily obtained, particularly for SiO2 and TiO2 MPF, the most studied systems.
These MPF are being tested for applications in fields as diverse as sensing,
photocatalysis, solar cells, electronics, photonics, thermal insulating, photochro-
mism, energy storage, and biological and medical applications (Innocenzi and
Malfatti 2013).

A step forward is the combination of MPF with other nanomaterials, whose
properties can complement or even improve the characteristics of the mesoporous
oxide. Among all the possible composite materials that can be obtained, the combi-
nation of MPF with metal nanoparticles (NP) to form nanocomposites (that will be
referred as NP@MPF) presents particular interest, due to the interesting properties of
metallic NP.

The interest for metal NP increased during the past decade, motivated by their
various special properties, which open potential applications in diverse fields (Xia
et al. 2009). In particular, the catalytic and optical properties of NP have been
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extensively studied. The use of NP in catalysis is related with their high specific
surface area and their high surface reactivity, which drastically change when com-
pared with bulk materials (Astruc et al. 2005; Schätz et al. 2010). On the other hand,
NP optical properties are related to localized surface plasmon resonances (LSPR)
(Bohren and Huffman 1983; Kreibig and Vollmer 1995), which give rise to intense
extinction bands in the visible and NIR region in the case of Au, Ag, and Cu. Also
related with LSPR, there is a high electric field enhancement at the NP surface
(Moores and Goettmann 2006). The optical response of NP depends on their size,
shape, and dielectric environment (refractive index of the medium, presence of
neighboring NP, etc.) and, thus, can be tuned from synthesis (Liz-Marzan 2006).
These interesting optical properties make the NP available for use in diverse fields
such as sensing (Sepúlveda et al. 2009; Abalde-Cela et al. 2016), surface-enhanced
Raman scattering (SERS) substrates (Álvarez-Puebla and Liz-Marzán 2010;
Schlücker 2014), devices that require light confinement (Sperling et al. 2008;
Atwater and Polman 2010), and medical applications (disease diagnosis and treat-
ment, drug delivery devices, etc.) (Doane and Burda 2012; Howes et al. 2014;
Jimenez de Aberasturi et al. 2015).

Due to the close relationship between synthesis, properties, and applications, the
synthesis of NP by colloidal chemistry methods has been extensively developed (Xia
et al. 2009). For the case of Au NP, spheres, nanorods, polyhedra, nanostars, and
nanoplates are readily obtainable by controlling the reaction conditions (Grzelczak
et al. 2008; Zhao et al. 2013; Li et al. 2014a; Carbó-Argibay and Rodríguez-
González 2015). Also for Ag NP there are several examples of geometries available
(Pastoriza-Santos and Liz-Marzan 2008; Xia et al. 2012). For the rest of the metals,
the synthesis is more complex and less control over size and shape can be achieved
(Xia et al. 2009).

Thus, metal NP and MPF can somehow complement each other, since the pores
are complementary with the particles, both in size and potential applications. The
obtained NP@MPF composites possess the intrinsic properties of each family, but
also new features derived from the synergy between the components, mainly due to
the huge interfacial contact between the metal and the oxide (Angelomé and
Liz-Marzán 2014).

In this chapter, we will focus our attention towards NP@MPF nanocomposites.
We will carefully describe the usual synthesis methods together with the character-
ization techniques used to understand the composite structure and properties. Finally,
we will review some tested and potential applications reported for the synthesized
materials.

Synthesis Methods

For the preparation of NP@MPF composites, three general approaches are used in
most of the reported synthesis. These methods are schematically presented in Fig. 1
and will be described in the following subsections.
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Impregnation and Reduction Approach

The impregnation and reduction approach is the most commonly used method to
obtain NP@MPF composites. The general process is depicted in Fig. 1a: the
particles are grown inside the porous structure once the pores are emptied. Thus,
the NP are formed on the porous surface, partially or totally blocking the pores.

In this approach, the incorporation of the metallic salts and the subsequent
reduction can be performed using a wide variety of techniques. For the adsorption
of the metal salt, the tested techniques include: electrostatic interactions with the
oxide (mainly for Ag(I) adsorption (Plyuto et al. 1999; Besson et al. 2003;

Fig. 1 Scheme of the different alternatives to prepare NP@MPF composites: (a) impregnation and
reduction, (b) one-pot method, (c) pre-synthesized particles dispersed in the sol, (d) pre-synthesized
particles incorporated in the films, and (e) thin film deposition on top of pre-synthesized particles
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Andersson et al. 2005; Bannat et al. 2009; Horiuchi et al. 2009; Martínez et al. 2009;
Nadar et al. 2011, 2013; Qi et al. 2011; Sayah et al. 2011; Destouches et al. 2014;
Wolosiuk et al. 2014) but also performed for Au (Martínez et al. 2014; Violi et al.
2015)), specific interactions with amino groups modified oxides (for Au(III))
(Gu et al. 2005; Petkov et al. 2007; Cui et al. 2009a; Lu et al. 2011; Ding et al.
2014; Liu et al. 2015), and trapping within polyelectrolyte brushes (Calvo et al.
2010; Rafti et al. 2013). Although not all the published articles discuss about the
subject, it is clear that for all these approaches the solution pH should be adequately
adjusted to obtain the appropriate electrostatic attraction between the oxide walls and
the metal salt. Thus, complexation of the cations is an alternative to ensure the proper
interaction without compromising the stability of the ions.

The subsequent reduction can be performed by thermal treatment (Andersson
et al. 2005; Sayah et al. 2011), UV irradiation (Fukuoka et al. 2002; Kumai et al.
2006; Martínez et al. 2009; Crespo-Monteiro et al. 2010; Nadar et al. 2013;
Wolosiuk et al. 2014; Liu et al. 2015; Destouches et al. 2014), or by chemical
reduction. The latter is the most usual path, and the most used reductants are
formaldehyde (Bois et al. 2009; Fuertes et al. 2009; Wolosiuk et al. 2014), hydrogen
gas (Plyuto et al. 1999; Fukuoka et al. 2002; Besson et al. 2003; Gu et al. 2005;
Zhang et al. 2008; Cui et al. 2009a, b; Lu et al. 2011; Fang et al. 2012), and NaBH4

(Bois et al. 2009; Calvo et al. 2010; Qi et al. 2011; Rafti et al. 2013; Ding et al. 2014;
Martínez et al. 2014; Violi et al. 2015). A typical transmission electron microscopy
(TEM) image of composites obtained by this methodology can be seen in Fig. 3c. It
is important to note that, since the number of metal ions that can be adsorbed on the
oxide’s surface is limited, a single impregnation and reduction cycle is usually not
enough to completely fill the pores. However, in most approaches it is possible to
repeat the impregnation-reduction cycle several times, allowing a fine control over
the amount of metal loaded (Martínez et al. 2014; Violi et al. 2015).

In this approach, the final particle size and shape depend on the pore size and
connectivity. In most cases, spherical particles are obtained but also rod-shaped parti-
cles have been reported (see Fig. 3e, f) (Sayah et al. 2011). Moreover, the particle’s
shape can be modified by thermal treatment of the composite (Martínez et al. 2014).

An alternative of this method is the electrochemically induced impregnation and
reduction (Pérez et al. 2004; Wu et al. 2006; Bannat et al. 2009; Kanno et al. 2012).
For this purpose, the film needs to be deposited onto a conductive substrate such as
ITO or Si, allowing its use as working electrode in an electrochemical cell. The metal
loading is obtained by electrical potential application, while the electrode is immersed
in the ion solution. This approach leads to a metal structure that fully replicates the
pore array, which acts as a template (Wu et al. 2006; Kanno et al. 2012).

Another attractive possibility of this impregnation-reduction approach is the
construction of metallic patterns onto the mesoporous structure. In this case, the
reduction process should take place in a particular way that ensures the formation of
metal NP only in specific regions of the MPF. For this purpose, Martínez et al. used a
conventional lithography mask, to prepare Ag NP arrays inside TiO2 MPF by UV
exposure (Martínez et al. 2009). Ag is only formed where UV light reaches the
surface, so patterns could be easily obtained in the submicron scale, as can be seen in
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Fig. 2c. This method is simple and low cost and, thus, very powerful. Interestingly,
conductivity measurements performed in these nanocomposites indicate a three-
dimensional connectivity between the embedded Ag NP (Martinez et al. 2010).

The use of continuous wave irradiation (Crespo-Monteiro et al. 2010; Destouches
et al. 2014; Liu et al. 2015) or interferometric laser (Destouches et al. 2013) is an
alternative approach to obtain patterned structures. In this case, the laser can be used
to “write” the patterns directly onto the surface (Crespo-Monteiro et al. 2010;
Destouches et al. 2013; Liu et al. 2015). Alternatively, by controlling the synthesis
conditions, periodic arrays of Ag NP can be obtained initially. No masks are
required, since the MPF acts as a waveguide to concentrate the light in particular
positions where the reduction occurs (Destouches et al. 2014).

One-Pot Synthesis

In this approach, presented in Fig. 1b, a metal precursor is included in the sol mixture
used to deposit the MPF. As the usual solution precursors are highly acidic, the metal
salt is stable and the film preparation can be performed as usual. After deposition, the

Fig. 2 (a) Ag NP plasmonic resonance for Ag@TiO2 MPF. Ag NP were formed using chemical
reduction of AgNO3 solutions during different times. (b) UV–vis spectra of 15 nm Au NP@SiO2

films before (0 h) and after (2, 4, 6 h) growth of Au tips through the pores. (c) Images of patterned
Ag@TiO2, showing the increase in the amount of Ag incorporated as a function of UV light
irradiation time (Adapted from (Angelomé and Liz-Marzán 2014) with permission of Springer).
(d) Images of TiO2 MPF with (right) and without (left) Au NP included within the pores. The scale
bar corresponds to 2 cm
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porous structure and the particles are formed at the same time by using laser
irradiation (Battie et al. 2010), X-ray irradiation (Malfatti et al. 2010, 2011), or
conventional thermal treatments (Gu et al. 2004; Krylova et al. 2009; Battie et al.
2011; Chassagneux et al. 2011c).

The deep X-ray lithography method developed by Innocenzi’s group is particu-
larly interesting, since it allows obtaining patterned films. For this purpose, Au and
Ag salts were added to Si sols, and freshly deposited films were treated with deep
X-rays (in a synchrotron source) using appropriate masks (Malfatti et al. 2010,
2011). The irradiation leads to the formation of Au and Ag NP and also condenses
the inorganic framework, thus allowing the obtention of patterned 3D mesoporous
structures with NP inside them.

Using the one-pot approach, the obtained particles are generally small (due to the
limited amount of metal salt that can be incorporated in the sol) and are distributed
both inside the oxide walls and at the pores surface.

Use of Pre-synthesized Particles

This method presents several variations, but, in all of them, requires the preparation
of metallic NP before their incorporation within the film. In general, NP are prepared
by colloidal chemistry methods, starting from salt precursors, but other methodolo-
gies could be used. In this approach, both the size and the shape of the NP are defined
prior to the composite preparation. This opens up the variability in the NP that can be
included in the composites: nonspherical NP and diameters bigger than the pores are
thus available. Nevertheless, due to the synthesis conditions, these methods usually
do not allow high NP loadings.

Incorporation of Particles Within the Sol
In this methodology (schematized in Fig. 1c), metallic NP are incorporated in the sol
before the thin film deposition. Thus, NP dispersion on the sol needs to be stable at
least for the time required to prepare the MPF. Also, the NP size and shape and the
amount that can be incorporated need to be controlled in order to allow the formation
of smooth uniform films. These requirements make this method unusual, although
some examples can be found in the literature (Kobayashi et al. 2001; Pérez-Juste
et al. 2004; Goettmann et al. 2005; Cortial et al. 2006; Yang et al. 2008; Roldán et al.
2014, 2015). In the reported works, modification of the NP with organic ligands
(Goettmann et al. 2005; Cortial et al. 2006), polymers (Roldán et al. 2015), or silica
shells (Yang et al. 2008) has been tested to overcome the limitations of the method.

Related to this approach, Au clusters can be incorporated in the starting sols. The
clusters are more easily stabilized than the NP, due to their size. After thermal
treatment, Au NP are formed due to cluster collapse (Zhao et al. 2010).

Particle Diffusion Through the Film
This method, represented in Fig. 1d, is the most unusual since it requires the use of
particles that are small enough to diffuse through the pores and necks of the MPF
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(Patel et al. 2008; May et al. 2009; Mitra et al. 2012). An interesting approach to
obtain such diffusion was presented by Patel et al. (2008): electrophoretic deposition
was used to include 3.1 nm dodecanethiol stabilized Au NP into 10 nm perpendic-
ular pores of a TiO2 MPF (~150 nm thick) supported on conducting electrodes (see
image of the composite in Fig. 3a). With this methodology, the Au NP loadings are
high (21% wt), and the particles are present in the whole thin film thickness, as
demonstrated by XPS. However, many of the Au nanocrystals reside near the top
half of the film, and the NP concentration steadily decreased until reaching a very
small concentration at the bottom of the film, in agreement with the expected

Fig. 3 (a) SEM top-down view of Au@TiO2 (Reprinted with permission from (Patel et al. 2008).
Copyright 2008 American Chemical Society). (b) Cross-sectional backscattered SEM image of
Au@SiO2 (Reprinted from (Lu et al. 2011) Copyright 2011, with permission from Elsevier).
(c) TEM and (d) HRTEM images of Au@TiO2 (Reprinted with permission from (Sánchez et al.
2013). Copyright 2013 American Chemical Society). TEM images of SiO2 MPF with Ag nanorods:
(e, f) top views and (g) high resolution (Reprinted from (Sayah et al. 2011) Copyright 2011, with
permission from Elsevier)
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behavior. Also, the loading dependence on the NP diameter has been demonstrated
(May et al. 2009).

Adhesion of Particles to a Substrate Followed by Film Deposition
This method has been recently reported (Angelomé and Liz-Marzán 2010;
Angelomé et al. 2012; López-Puente et al. 2013, 2015) and represents a new
approach, schematically shown in Fig. 1e. In the first step, metallic NP are
prepared by usual colloidal methods. Afterwards, a sub-monolayer of the NP is
chemically or electrostatically attached to a substrate and subsequently covered
with the MPF. The method allows obtaining fully covered metallic NP (spheres,
decahedra, rods, etc.) and well-ordered MPF oxides. The particles, whose shape
and size can be finely tuned, remain accessible but also protected with the MPF,
opening the way toward sensing applications (see below). Interestingly, the NP
shape can be modified by using the NP as seeds and the films pores as templates.
This method allows obtaining either larger NP or spiked NP, depending on the pore
size of the MPF used (see the obtained spectra in Fig. 2b) (Angelomé et al. 2012;
López-Puente et al. 2013).

Characterization

Characterization of metal NP@MPF generally includes both analysis of the MPF
structure (porosity, pore size distribution, thickness, crystallinity) and the NP
characteristics (particle size and shape, spatial distribution, crystallinity, pores’
filling fraction). Besides, thermal, mechanical, and chemical stability studies that
consider both the MPF and the NP are of great interest depending on the composite
material application (Muraza et al. 2009; Rafti et al. 2013; Violi et al. 2015). This
complex characterization is usually done by a combination of methods, including
electronic microscopies, spectroscopies, and X-ray-based techniques. In this sec-
tion we will described the most usual techniques used to characterize NP@MPF
composites.

Optical Characterization

One of the most used techniques to study the formation and growth of metal NP with
optical activity (Ag, Au, Cu) inside MPF is UV–visible spectroscopy. The experi-
ment is very simple; in general, a transparent substrate is used and the NP@MPF is
studied in transmission mode. The optical properties of NP are related to LSPR,
which give rise to intense extinction bands in the visible and NIR (Kreibig and
Vollmer 1995). There are numerous examples of UV–visible spectra in literature that
show the formation and growth of Ag@SiO2 (Plyuto et al. 1999; Besson et al. 2003;
Dag et al. 2003; Bois et al. 2008, 2010; Hu et al. 2009; Battie et al. 2010; Qi et al.
2011; Sayah et al. 2011; Destouches et al. 2013), Ag@TiO2 (Bois et al. 2009;
Martínez et al. 2009; Crespo-Monteiro et al. 2010; Nadar et al. 2011, 2013;
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Destouches et al. 2013), Au@SiO2 (Goettmann et al. 2005; Gu et al. 2005; Calvo
et al. 2010; Lu et al. 2011; Pedrueza et al. 2011; Angelomé et al. 2012), Au@TiO2

(Zhang et al. 2008; Bannat et al. 2009; Cui et al. 2009a; Zhao et al. 2010; Pedrueza
et al. 2011; Sánchez et al. 2013; Martínez et al. 2014), and other NP@MPF systems
(Horiuchi et al. 2009; Krylova et al. 2009; Chassagneux et al. 2011a; Mitra et al.
2012; Leroy et al. 2013; Wolosiuk et al. 2014; Violi et al. 2015). Figure 2a shows the
plasmon resonance absorption band for Ag NP inside TiO2 MPF. In this case, Ag NP
were formed using chemical reduction of AgNO3 solutions in ethanol with formal-
dehyde during different times. The increment of the Ag plasmonic resonance
intensity indicates the increase of the amount of NP inside the mesopores. For 1 h
of reaction, the band widens as a result of NP–NP interaction.

UV–visible spectroscopy is also a powerful technique to detect changes in NP
shape during the synthesis and post treatments (Angelomé et al. 2012; López-Puente
et al. 2013). Figure 2b shows the UV–vis spectra of 15 nm Au spheres inside SiO2

MPF. In this case, the composite film is immersed in a solution with Au+3, ascorbic
acid and CTAB, in order to obtain tips growing trough the pores. After 6 h of
immersion in the growth solution, a second band is observed at longer wavelengths,
revealing the presence of a second absorption mode, related to the branches
(Angelomé et al. 2012; López-Puente et al. 2013). In this context, modeling the
optical properties is a very useful tool to understand the changes in particles’ size and
shape. This methodology is commonly used to study NP in solution
(Myroshnychenko et al. 2008), but there are just a few works that applied modeling
as a tool to better understand the optical behavior of NP@MPF (Angelomé et al.
2012; Sánchez et al. 2013).

Colored films can be also observed by the naked eye or by using an optical
microscope, in order to follow NP formation and composite evolution during
synthesis (Bois et al. 2008, 2009, 2010; Bannat et al. 2009; Hu et al. 2009; Martínez
et al. 2009; Malfatti et al. 2010; Nadar et al. 2011; Pedrueza et al. 2011; Sánchez
et al. 2013). As an example, Fig. 2c shows optical images of patterned Ag@TiO2

obtained by UV exposure of Ag+ impregnated TiO2 MPF using a lithography mask
(Angelomé and Liz-Marzán 2014), and Fig. 2d presents optical images of Au
NP@TiO2 MPF composites.

Another optical technique for the characterization of NP@MPF composites is
spectroscopic ellipsometry (SE) (Losurdo et al. 2009; Oates et al. 2011). This
technique allows the determination of the thickness and optical constants, such as
dielectric function and refractive index (Tompkins and McGahan 1999). For MPF
containing metal NP, the model used to analyze SE measurements has to include the
plasmonic properties of the nanocomposite. Patel et al. applied an anisotropic
uniaxial model to analyze the SE results obtained for TiO2 films following Au
infusion (Patel et al. 2008). For this system, SE measurements of imaginary refrac-
tive index anisotropy indicate that Au nanocrystals are dispersed within the verti-
cally aligned mesopores and distributed throughout the film. SE measurements were
also performed on Ag@SiO2 hybrid MPF; the authors found that composite’s optical
properties depend on host matrix optical properties and Ag concentration profile in
the film (Battie et al. 2011).
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In situ SE measurements of Au NP growing inside TiO2 MPF were performed
during thermal treatment. From these results, the kinetics of shape transformation of
the included Au NP was studied, allowing the authors to develop a growth model
(Sánchez et al. 2013). Finally, SE can be adapted to perform porosimetry (Baklanov
et al. 2000; Boissiere et al. 2005): structural information of NP@MPF such as
residual porosity and changes in mesopore sizes after NP inclusion can be obtained
using this technique (Chassagneux et al. 2011b); this experimental setup also opens
the possibility to study the plasmon response of the NP@MPF composite to changes
in the environment (Sánchez et al. 2013).

For metal NP that does not present plasmonic resonance in the visible range of
the spectra (Pd and Pt), it is necessary to use other techniques to study the
inclusion of NP in the MPF, such as electron microscopies, X-ray diffraction
(XRD), energy dispersive spectroscopy (EDS), or X-ray photoelectron spectros-
copy (XPS) (Dag et al. 2003; Fukuoka et al. 2004; Gu et al. 2004; Cortial et al.
2006; Kumai et al. 2006; Wu et al. 2006; Petkov et al. 2007; Yacou et al. 2008;
Muraza et al. 2009).

Structural Characterization

Structural characterization by scanning electron microscopy (SEM), TEM, atomic
force microscopy (AFM), XRD, and small-angle X-ray scattering (SAXS) is used to
determine important features for both MPF and NP. For MPF, these techniques allow
the determination of mesopore order, pore sizes, and wall crystallinity; for NP, they
permit the study of particle size and shape and the visualization of particles in the
surface of MPF.

Depending on the NP synthesis method, nanocomposite films can have residual
NP on its surface. In some cases, a careful cleaning is necessary to avoid undesired
NP on surface after the synthesis (Wolosiuk et al. 2014). In other cases, post-
treatment applied on the NP@MPF could generate NP on surface due to an expul-
sion of the metallic phase from the mesopores (Bois et al. 2009, 2010; Martínez et al.
2014). In this context, SEM, high-resolution SEM (HRSEM), and AFM studies of
the nanocomposite films can give useful information related to NP on surface
(Wu et al. 2006; Patel et al. 2008; Bois et al. 2009; Fuertes et al. 2009; May et al.
2009; Crespo-Monteiro et al. 2010, 2011; Cui et al. 2010; Martinez et al. 2010; Zhao
et al. 2010; Nadar et al. 2011; Sayah et al. 2011; Destouches et al. 2014; Martínez
et al. 2014; Wolosiuk et al. 2014). As an example, a top-down view SEM image of
Au@TiO2 is given in Fig. 3a. The Au nanocrystals (bright dots) are evenly dispersed
across the TiO2 MPF. Also, the mesopore sizes and pore order can be determined
(pores are the darker region in the image). Besides, SEM and HRSEM studies of the
nanocomposites in cross section can give useful information of NP sizes and spatial
distribution along the film thickness (Cui et al. 2009a, b; Lu et al. 2011; Pedrueza
et al. 2011; Destouches et al. 2014; Martínez et al. 2014) and MPF structural features
(Wu et al. 2006; Kanno et al. 2012). Figure 3b shows a cross-sectional SEM image of
Au NP@SiO2 MPF, obtained from the reduction of HAuCl4 in an amino silane-
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modified MPF (Lu et al. 2011). Due to the much higher atomic number of Au than
SiO2, the white dots in the image represent the Au NP which were embedded and
homogeneously dispersed in SiO2 MPF, with a narrow size distribution. The average
film thickness of the nanocomposite can also be measured from the cross-sectional
SEM image.

Recent advances in electron microscopy techniques make possible the tridi-
mensional observation of NP inside the matrix. Tomography measurements can be
performed with a dual-beam focused ion beam/SEM system. The procedure
involves the remotion of a thousand of successive slabs of matter with a Ga+

ionic gun, and acquiring micrographs of the fresh cross sections sequentially
revealed. Destouches et al. used this technique to study Ag NP inside TiO2 MPF.
The obtained 3D view of the nanocomposite shows that Ag NP form in a plane
located near the film substrate interface and are rather spherical (Destouches et al.
2014).

TEM is the structural characterization technique most widely used to study
mesoporous solids with or without metal NP (Bronstein 2003; Angelomé and
Liz-Marzán 2014). This method enables the visualization of the mesoporous mate-
rial structure (pore sizes and mesopore order), description of the spatial distribution
of metal NP, and estimation of their size and shape (Andersson et al. 2005; Bois et al.
2010; Chassagneux et al. 2011a; Angelomé et al. 2012). As the electron contrast
between MTF and metal NP is strong, information obtained from TEM images can
be descriptive and even quantitative (Zhang et al. 2008; Horiuchi et al. 2009; Rafti
et al. 2013; Sánchez et al. 2013; Liu et al. 2015). TEM images can be used to follow
structural changes occurred in the MPF during the NP inclusion and to monitor
changes in the amount, size, and shape of the NP during composite synthesis and
posttreatment (Cui et al. 2009b, 2010; Battie et al. 2010; Angelomé et al. 2012;
Destouches et al. 2013; López-Puente et al. 2013; Martínez et al. 2014). Cross-
section TEM can provide information about NP location along MPF thickness
(Besson et al. 2003; Petkov et al. 2007; Bannat et al. 2009; Battie et al. 2010; Bois
et al. 2010; Destouches et al. 2013; Ding et al. 2014). Besides, TEM images of the
NP@MPF composites give useful information about the structural integrity of both
the NP and the MPF after the nanocomposite utilization for certain applications, as
catalysis and sensors (Muraza et al. 2009; Rafti et al. 2013).

Some examples of TEM images of NP@MPF are shown in Fig. 3. Figure 3c
presents an image of Au@TiO2, synthesized by stepwise reduction of AuCl4

� with
NaBH4 inside the MPF (Sánchez et al. 2013; Martínez et al. 2014). Au NP (darker
spots) present isotropic morphology and a diameter of around 5 nm. The meso-order
can be also determined. Figures 3e and f show Ag nanorods inside SiO2 MPF along
the film thickness. These silver nanorods trapped in the film mesostructure have a
width ranging from 7.8 and 8.9 nm and a length varying from 17 to 70 nm (Sayah
et al. 2011).

High-resolution TEM (HRTEM) allows to obtain more detailed information on
the guest NP, since the atomic structure of the metal can be elucidated. Some
examples can be found in literature, for different metal NP (Fukuoka et al. 2002;
Petkov et al. 2007; Cui et al. 2009b; Pedrueza et al. 2011; Mitra et al. 2012).
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HRTEM picture of Fig. 3g displays (1 1 1) lattice fringes of cubic face-centered
Ag and proves that the nanorods included in SiO2 MPF are crystalline (Sayah
et al. 2011). HRTEM gives also information on both particle size and particle
location in the ordered mesoporous solids (Thomas et al. 2001; Bronstein 2003;
Kumai et al. 2006; Bannat et al. 2009; Bois et al. 2010; Chassagneux et al. 2011a).
Figure 3d shows an example of the TEM visualization of Au NP included in TiO2

MPF. For this kind of nanocomposite, it was observed that the NP size is
ultimately templated by the mesopore size and shape (Zhang et al. 2008; Sánchez
et al. 2013).

Crystalline structures of metal NP and MPF walls can also be elucidated using
diffraction techniques with electrons (selected area electron diffraction, SAED) and
X-rays (XRD). SAED is a useful technique to study individual NP crystallinity,
independently from the oxide matrix, as the NP can be previously found and
observed using TEM. The obtained electron diffraction patterns from the NP or
the MPF walls have to be indexed (Bois et al. 2008; Cui et al. 2009b; Krylova et al.
2009; Lu et al. 2011). XRD also allows the determination of crystalline structure for
both NP and MPF (walls crystallinity) in one diffraction experiment (Andersson
et al. 2005; Yacou et al. 2008; Krylova et al. 2009; Zhao et al. 2010; Roldán et al.
2014). In contrast to SAED that is a local technique, XRD results are representative
of the whole sample since the data are collected on a large portion of the nano-
composite. When NP are crystalline, the corresponding Bragg diffraction peaks
appearing in the diffractogram allow quantitative assessment of mean crystallite
size that is similar to NP size if they are monocrystalline, as usually occurs; no
information can be obtained on particle size distribution. If NP are amorphous or too
small, they cannot be detected using this technique. Sometimes it is difficult to obtain
a representative diffractogram in very thin films; in this case, low-angle X-ray
incidence can be used in order to irradiate a bigger sample area.

In the case of MPF, X-ray diffractograms obtained at low diffraction angles (less
than 5�2ϴ) usually present intense Bragg peaks due to the pore periodicity in the
direction normal to the surface of the substrate (Gibaud et al. 2006). The presence of
metal NP within the mesoporous structure can sometimes be detected by a reduction
of these Bragg reflection intensities. This intensity reduction is caused by the loss of
pore arrangement order and the lowered reflection contrast between the framework
and the pores, due to metal filling (Gu et al. 2005; Bois et al. 2008; Cui et al. 2009a;
Lu et al. 2011). Using the same approach, SAXS with two-dimensional detection
(2D-SAXS) can be used to characterize the mesoporous structure and to follow
deviations of this structure when particles are formed within the MPF. 2D-SAXS
method is the only straightforward and nonambiguous characterization technique to
determine the mesoporous network structural periodic organization of MPF
(Sánchez et al. 2008; Soler-Illia et al. 2012). After metal NP inclusion inside an
ordered MPF, the SAXS signal can change or even disappear due to the random NP
formation within the pores that disrupts the periodic electronic density which is the
origin of the diffraction signal. In addition, the integrated intensity increases at low
q values because of the low-angle X-ray scattering produced by metal NP (Fuertes
et al. 2009; Wolosiuk et al. 2014).
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Characterization of Metal Loading

A rigorous quantification of the metal loadings in mesostructured ordered thin films
is not usually performed, but to know the amount of NP included is essential in some
application as catalysis and optical devices. Analytical techniques such as EDS give
an overall idea of composite film composition, while XPS, secondary ion mass
spectroscopy (SIMS) (Zhang et al. 2008), and Rutherford backscattering (RBS)
(Bois et al. 2009; Battie et al. 2011; Destouches et al. 2013) techniques can give
details about NP location.

XPS is a suitable method to analyze the surface and in-depth atomic composition,
the chemical state, and environment of the metallic and non reduced species (Ag+,
Au+3, Au+1, etc.) hosted in the MPF (Gu et al. 2004; Andersson et al. 2005). The
distribution of NP through the complete MPF thickness can be elucidated using
depth profile measurements (Patel et al. 2008; Horiuchi et al. 2009; May et al. 2009;
Angelomé and Liz-Marzán 2010; Zhao et al. 2010). As ion sputtering can induce
noticeable changes not only in the topography but also in the chemical composition
of a multicomponent sample, special cares should be taken: bombarding the surface
of the films with moderate energy, using the same conditions for all samples, and
evaluating atomic ratio trends instead of absolute values.

The total metal NP content of composite thin film can be measured by EDS
technique. The data obtained are qualitative; the metal content should be determined
through averaging the collected data from different locations during SEM or TEM
observations (Petkov et al. 2007; Martinez et al. 2010; Mitra et al. 2012). This
technique can be used to evaluate changes in the metal NP loading after the
application of thermal or chemical treatments to the nanocomposite material
(Lu et al. 2011; Rafti et al. 2013). Figure 4a shows EDS spectra of TiO2 MPF at
different reaction times in a Ag+/HCHO solution; the increase in the Ag signal
indicates a larger amount of Ag NP included in the mesoporous matrix when reaction
time is increased (Fuertes et al. 2009). Elemental maps of the sample surface can be
performed to study patterned nanocomposites (Malfatti et al. 2010). Less common is
to obtain an elemental map in a cross-sectioned sample, in order to evaluate NP
location (Angelomé et al. 2012), or to elucidate local composition of different
regions of nanocomposites (Destouches et al. 2013).

The amount of metal NP included inside the porous of MPF determined using
EDS can be confirmed using X-ray reflectometry (XRR). XRR is a suitable method
to determine NP inclusion in MPF, as it allows the simultaneous and direct deter-
mination of nanocomposite film density, thickness, and interfacial roughness from
the reflectivity intensity variations with the X-ray incident angle (van der Lee 2000;
Fuertes et al. 2009). XRR measurements are performed with the same experimental
setup used to observe Bragg diffraction peaks related to mesopore order. Figure 4b
shows the time evolution of XRR data obtained for a TiO2 MPF treated in Ag+/
HCHO solution during different times. The patterns present a decay in the signal
intensity at the total reflection critical angle, and a series of oscillations at higher
angles, related to the film thickness (Kiessig fringes), can be observed for untreated
MPF. The critical angle change with reaction time reflects the increment in film
effective density due to the formation of metal NP inside MPF; the amount of metal
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formed can be quantified from the calculated density values (Fuertes et al. 2009;
Angelomé et al. 2010; Calvo et al. 2010; Wolosiuk et al. 2014; Violi et al. 2015).
Figure 4c shows the evolution of the mesopore filling fraction with Ag NP for
different reduction times, calculated considering the change in electronic density and
the empty film porosity. Finally, the accessibility of the nanocomposite film to water
can be also determined using this technique, by measuring changes in the nano-
composite’s critical angle at low and high humidity (Fuertes et al. 2009). These kinds
of studies are fundamental to understand the capacity of NP@MPF systems to detect
analytes that reach NP inside the MPF matrix.

Applications

Although most of the works done so far has been focused on the synthesis and
characterization of the NP@MPF composites, several examples of applications for
such composites have been presented. In what follows, we will show some selected

Fig. 4 (a) EDS spectra of TiO2 MPF at different reaction times in Ag+/HCHO solution. Ag and Ti
signals are indicated. (b) Reflectivity data of TiO2 (0 min) and Ag@TiO2 MPF at different reaction
times in Ag+/HCHO solution. The critical angle is marked with a circle in each curve. (c) Pore
filling factor of TiO2 MPF with Ag NP at different reaction times, calculated from reflectivity data
presented in (b). The dotted line was added for eye guiding

86 Metal Nanoparticle–Mesoporous Oxide Nanocomposite Thin Films 2521



examples of the most commonly presented applications, highlighting the advantages
of using the composites.

Catalysis

Metal NP (particularly Pt and Pd, but also Au, Ag, and other transition metals) are
widely used as catalysts in a large amount of organic reactions, and many examples
have been reported about their use when supported onto mesoporous oxide powders
(Sun and Bao 2008; White et al. 2009). The encapsulation of NP within MPF is a
further step toward improving the composite features, in particular for a more
efficient recovery and reuse than in the case of powders (Mitra et al. 2012; Violi
et al. 2015). An example of such improvement is presented in Fig. 5, for the catalysis
of the 4-nitrophenol reduction using Au NP@Zr0.5Ce0.5O2 MPF, followed by
UV–visible spectrometry. It can be clearly observed that the reaction proceeds
only when the composite is introduced in the solution (Fig. 5c), demonstrating
both the control over the reaction and the easy recovery of the catalyst. The
reusability of the composite is also demonstrated (Fig. 5d) (Violi et al. 2015).

Fig. 5 4-Nitrophenol reduction catalysis by Au NP@Zr0.5Ce0.5O2. (a) Spectra as a function of
time. (b) Fit to first-order kinetics. (c) Leaching test: green arrows indicate film withdrawal, and red
arrows indicate film reintroduction. (d) Catalyst reutilization (Reprinted with permission from
(Violi et al. 2015). Copyright 2015 American Chemical Society)
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Moreover, MPF can also influence the effectiveness of the NP, by adding extra
selectivity or by confinement effects (Cortial et al. 2006; Muraza et al. 2009; Rafti
et al. 2013). For example, Cortial et al. (Cortial et al. 2006) tested Pd NP@SiO2 to
catalyze the allylic amination of cinnamyl acetate by benzylamine and found that
immobilized NP were three orders of magnitude more active than their homoge-
neous counterparts. Moreover, the regioselectivity was totally in favor of one of the
possible products.

On the other hand, NP can improve the catalytic ability ofMPF, as in the case of TiO2

used as photocatalysts. In this system, when the oxide is modified with NP, a synergic
effect takes place: the metal NP improves the electron flow from the TiO2 surface to the
metal, thereby suppressing electron–hole recombination, one of the main causes of
activity loss. Thus, there are several examples in the literature in which Au or Ag NP
were included within TiO2 MPF in order to improve its photocatalytic performance
(Andersson et al. 2005; Bannat et al. 2009; Zhao et al. 2010; Roldán et al. 2014, 2015).
For example, Andersson et al. observed an apparent difference in reaction mechanism
and initial activity for stearic acid photodegradation, when Ag NP are incorporated
within TiO2 MPF (Andersson et al. 2005). Au has also an improvement effect over the
TiO2 efficiency, as demonstrated by Bannat and et al. for the oxidation of NO (Bannat
et al. 2009) and Zhao et al. for the degradation of organic dyes (Zhao et al. 2010).

Finally, another interesting example was recently reported by Roldán et al.
(2014), who demonstrated the possibility of both improving the TiO2 catalytic
activity and adding a biocidal effect by Ag NP incorporation, resulting in a multi-
functional composite.

Sensors

Metallic NP has been extensively studied for their use in sensors, mainly because of
their attractive optical properties, particularly LSPR (Sepúlveda et al. 2009), and
enhancement of Raman signals for SERS (Álvarez-Puebla and Liz-Marzán 2010;
Schlücker 2014). Consequently, composites containing metallic NP and MPF have
also been tested as sensors.

In the case of sensors based on LSPR, MPF can act as a support, as demonstrated
by Goettmann et al. (2005) and Hu et al. (2009). The latter example is particularly
interesting since the authors showed that it was possible to visually follow the
oxidation and reduction of Ag NP incorporated within SiO2 MPF, taking advantage
of reversible appearance and disappearance of the characteristic brown color of Ag
particles when exposed to reductive (H2) and oxidative (air) gases.

Additionally, the LSPR band of Au decahedra was used to report the behavior of a
solvent incorporated within the pores of the MPF that covered them, making
possible to study solvent-oxide interactions. In this case the MPF is not a support,
but the studied layer (Angelomé and Liz-Marzán 2010).

In the case of SERS sensors, again, the MPF can act as a support for Ag particles
(Malfatti et al. 2011; Wolosiuk et al. 2014). Interestingly, when particles are obtained
by impregnation and reduction approach, their distribution within the oxide is highly
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uniform, and thus, the SERS signal is very reproducible along the sample (Fig. 6a).
Besides that, several oxides with different chemical properties can be used as support
(SiO2, TiO2, ZrO2), paving the way toward SERS substrates with tailored properties
(Wolosiuk et al. 2014).
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Fig. 6 (a) Right side: SERS intensity profile measured from the 4-mercaptopyridine peak at
1100 cm�1, in Ag @TiO2 composites prepared by UV exposure using a lithographic mask. Left
side: optical image of the patterned sample showing in gray/blue the areas loaded/unloaded with Ag
NP and in white the spots where the SERS spectra were measured (Adapted with permission from
(Wolosiuk et al. 2014). Copyright 2014 American Chemical Society). (b) SERS spectra from 80 nm
spiked Au NP covered with different films showing a size exclusion proof of concept. (1) Spectrum
of BSA on SiO2 MPF, (2) spectrum of NBT on SiO2 MPF in the presence of BSA, (3) spectrum of
NBT on TiO2 MPF, and (4) spectrum of NBT on TiO2 MPF in the presence of BSA. All solutions
were prepared in PBS buffer (Adapted with permission from (López-Puente et al. 2013). Copyright
2013 American Chemical Society)
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However, the porous structure of MPF also offers the possibility of filtering
certain molecules by size or chemical interactions. In this sense, López-Puente
et al. (2013) have reported the use of spiked Au spheres covered with TiO2 MPF
to detect a small molecule (4-nitrobenzenethiol, NBT) in the presence of a bigger
molecule (bovine serum albumin (BSA) protein), which is also a typical molecule of
biological media. As can be seen in Fig. 6b, for the TiO2 MPF, a clean SERS signal
of NBT is observed, even when BSA is present. However, when SiO2 MPF are used,
dissolution of the thin film occurs and both BSA and NBT are detected. In this
approach, the NP provides the sensing capability while the MPF confers selectivity
to the sensor. In a similar direction, the same authors (López-Puente et al. 2015) have
demonstrated that the presence of specific functional groups in the pore network of
the MPF allows control over the surface chemistry of the pores, tuning the sensor’s
selectivity. Amino-functionalized MPF were used to discern the presence of meth-
ylene blue (MB) in mixtures with acid blue (AB), with no need for sample pre-
treatment. Selective detection of MB was possible through entrapment of AB in the
mesoporous matrix, based on its high affinity for amino groups. Moreover, the
sensor selectivity was tuned by varying the solution pH.

As can be seen, although the examples presented so far are mainly proof of
concept, the potential of nanocomposite films as sensors has been clearly demon-
strated. More efforts are needed from now on to obtain prototypes for real
applications.

Optical Devices

NP@MPF composites have novel optical properties due to the synergy between the
metal NP and the porous oxide matrix. The design and study of these properties are
of high interest regarding the advanced applications involved, including communi-
cation and information technology devices. Next, some selected examples of nano-
composites’ optical properties are described.

Nonlinear Optics
Noble metal NP contained in dielectric matrix thin films have been investigated
widely for their nonlinear optical properties, due to the enhancement of the local
electric field at the region of the LSPR of the metal NP (Hamanaka et al. 2004).
Materials with third-order optical nonlinearity are essential for light-controlled phase
and refractive index modulation for applications in optical signal processing and
nonlinear optical devices (Fang et al. 2012).

Initially, the composites designed for nonlinear optics were prepared by
co-sputtering (Liao et al. 1997) or using the sol-gel method (Selvan et al. 2002),
but the nanocomposites suffered from drawbacks due to uncontrollable NP size and
spatial distribution (Cui et al. 2009a). Recently, several groups started to develop
NP@MPF composites: the ordered mesoporous matrix ensures a high dispersion and
a uniform distribution of the NP inside the films, and thus, the nonlinear optical
properties can be carefully controlled. Using this approach, relatively high third-
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order nonlinear optical susceptibilities (χ(3)) were obtained, for Au@TiO2 (Cui et al.
2009b, 2010) and Au@SiO2 MPF composites (Gu et al. 2005; Cui et al. 2009a; Lu
et al. 2011; Fang et al. 2012). It was even possible to tune the χ(3) value by
controlling the amount of metal NP incorporated in the matrix (Lu et al. 2011); in
this case, the high χ(3) value is attributed to the very high metal content and
homogeneous dispersion of NP with narrow size distribution (Cui et al. 2009a). In
all cases, nonlinear optical properties of the nanocomposites were studied by the
Z-scan technique.

Photochromism
Photochromism is a reversible change of color upon exposure to light. It is well
known that this phenomenon appears when Ag species interact with TiO2. The
process is similar to the one that occurs during catalysis: under UV irradiation
electrons at the valence band of TiO2 are excited into the conduction band and
then migrate to Ag+ species, reducing them to Ag0. Then, the opposite reaction can
occur: Ag NP interact with visible light through their LSPR, and electrons migrate to
the conduction band of TiO2, which induces the oxidation of Ag

0 to Ag+ (Bois et al.
2009). The whole process is accompanied by a color change, and therefore this
property can be exploited in the design of optical data storage, sensors, and display
devices.

Ag@TiO2 nanocomposite presenting photochromism was first prepared by Bois
et al. in 2009 (Bois et al. 2009). They observed the disappearance of the color
associated to the LSPR band upon irradiation with visible light, which was then
applied to “write” and “erase” Ag NP within TiO2 MPF by using UV and visible
light (Crespo-Monteiro et al. 2010). More recently, Nadar et al. observed multicolor
photochromism of Ag-containing MPF of amorphous or crystalline TiO2 (Nadar
et al. 2011, 2013). The different size distributions and localizations of the NP give
rise to different photochromic behaviors when exposed to visible laser light and
even the bleaching of different film colors under laser exposure (Fig. 7a). Six
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Fig. 7 (a) Color and UV–vis spectra after blue laser illumination for different times of Ag@TiO2
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photochromic cycles between a bleached and a colored state were performed,
showing a good repeatability of the photo-reduction/photo-oxidation processes
(Fig. 7b). Moreover, it was observed that colors are stable for several months
when the samples are kept off of the laser light.

Outlook and Perspectives

Metal NP and oxide MPF can be rather easily combined since the mesopores are
complementary with the particles, both in size and potential applications. The
obtained NP@MPF composites present the intrinsic properties of each family, but
also acquire new features derived from the synergy between the components.

The diversity of synthesis approaches offers several possible configurations, with
the metal NP included inside the mesopores or in the oxide framework and also
completely covered by the MPF. Thus, the MPF can act as a host matrix but can also
control the NP size and spatial distribution or even can be a filter or physical spacer
of the surrounding environment. Besides, new properties are developed, due to the
huge interfacial contact between the metal and the oxide.

The nanocomposite structure (film porosity, pore sizes, NP loading, NP size and
shape, metal-oxide interfaces, etc.) determines, in most cases, the optical, catalytic,
and sensing properties. In this context, a truthful material characterization using
spectroscopies, electron microscopies, and X-ray based techniques is fundamental to
understand the obtained properties and design novel devices based on NP@MPF.

Although the synthesis methods are well established and there is a huge palette of
characterization techniques, the applications of these composites are still under
development. In this chapter, we have discussed a few of them, but other fields
may readily benefit from the special properties of these nanocomposites, such as
environmental remediation, drug delivery, and surface protection. Future works in
these directions are needed to transform some of the potential applications of these
interesting materials into real devices.
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