Available online at www.sciencedirect.com

SOIENOE@DIRECTG CODRDINATIDN

R CHEMISTRY REVIEWS

=

P e s S
ELSEVIER Coordination Chemistry Reviews 250 (2006) 1294-1314

www.elsevier.com/locate/cer

Review

Recent trends on nanocomposites based on Cu, Ag and
Au clusters: A closer look

Lidia Armelao?, Davide Barreca?, Gregorio Bottaro?, Alberto Gasparotto?,
Silvia Gross?, Cinzia Maragno®, Eugenio Tondello ®*
2 JSTM-CNR and INSTM, Department of Chemistry, University of Padova, Via Marzolo, 1-35131 Padova, Italy
Y Department of Chemistry, University of Padova and INSTM, Via Marzolo, 1-35131 Padova, Italy

Received 27 July 2005; accepted 3 December 2005
Available online 10 January 2006

Contents
Lo INtrodUCHION . . .o 1295
2. Preparation strategies for nanocomposites based on metal clusters: the role of sol-gel, RF-sputtering and
hybrid RF-sputtering/SOl—gel TOULES . . . . . ..ottt ettt et e et e et e e e e e e e e e 1296
3. Inside-cluster systems: Ag/SiO; and Cu/SiO; by SOl-gel . . ..o i e 1298
3,10 AZ/SIO2 NANOSYSIEINIS . . . e vttt ettt ettt et ettt et e et e e e e e e e e e e e e e 1298
3.2, CU/SiIO2 NANOSYSIEINS . . .t o ve ettt ettt et et e et et e et e et e e e et e e e e e e e e e e e e e e 1300
4.  Outside-cluster systems: Ag/Si0, and Au/SiO; by RF-SpUttering . ... ... ..ot e e 1302
4.1, AG/SI07 NANOSYSIEINIS - .+« et ettt et ettt et e e et e e et e et e e e e e e e e e e e e e e e 1302
4.2, AU/SIO2 NANOSYSIEINIS - .+« vttt ettt ettt et et et et ettt et e e e e e e e e e e e e e e e 1304
5. Between inside- and outside-clusters: Au/TiO, by an hybrid RF-sputtering/sol—gel approach ............ ... .. ..ot 1306
6.  From metal nanoclusters to nanotubes: RF-sputtering of gold into porous membranes . ...............ooueiuiineennenneeneen.. 1308
7. Concluding remarks and future oUtlOOK . ... .. ... e 1310
ACKNOWIEBAZIMENLS . . . .ottt ettt ettt et e e e et e et e e e e e e e e e e e e e e 1311
RETOTENCES . . . .ottt e e e 1311
Abstract

Nanocomposite materials based on metal nanoparticles (NPs, guest) in/on oxide matrices (host) have attracted increasing attention thanks to
their intriguing chemico-physical properties that can be tailored as a function of NP size, shape and mutual interactions. The possibility to obtain a
controlled dispersion of metal particles in/on suitable oxides (inside- and outside-cluster systems, respectively) paves the way to a broad spectrum
of technological applications, ranging from heterogeneous catalysis, to gas sensing and non-linear optics. The control of functional performances
relies on tailoring the system properties by design through a suitable choice of the synthesis and processing routes.

In this context, the present review provides a synoptic overview on our recent research activity concerning nanocomposites containing 11th group
metal clusters (Cu, Ag and Au), dispersed in/on oxide matrices (SiO,, TiO,, Al,O3). We begin by briefly outlining the interest and size-dependent
properties of such systems. Subsequently, the attention is switched to a survey on the preparation strategies previously adopted in the literature,

Abbreviations: 0D, zero-dimensional; 1D, mono-dimensional; 2D, bi-dimensional; 3D, three-dimensional; o/, Auger parameter; AAO, anodic aluminum oxide;
AFM, atomic force microscopy; BE, binding energy; BF, bright field; CVD, chemical vapor deposition; DC, direct current; GIXRD, glancing incidence X-ray
diffraction; EDS, energy dispersive X-ray spectroscopy; fcc, face-centered cubic; HR-TEM, high resolution-transmission electron microscopy; KE, kinetic energy;
LRI, laser reflection interferometry; MDR, morphological dependent resonance; NPs, nanoparticles; NTs, nanotubes; p, total pressure applied to a plasma discharge;
PE-CVD, plasma enhanced-chemical vapor deposition; R, reflectance; RF, radio-frequency; SAED, selected area electron diffraction; SEM, scanning electron
microscopy; SERS, surface-enhanced Raman scattering; SG, sol-gel; SIMS, secondary ion mass spectrometry; SMMs, single-molecule magnets; SPR, surface
plasmon resonance; ¢, deposition time; 7, temperature; TEOS, tetraethoxysilane; Viiag, self-bias potential; W, RF-power applied to a plasma discharge; X(S)’ third-
order non-linear susceptibility; XE-AES, X-ray excited auger electron spectroscopy; XPS, X-ray photoelectron spectroscopy
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focusing in particular on the use of soft methods, such as sol-gel (SG), RF-sputtering and their innovative combination. The most relevant results
on M'/M, O, nanocomposites (where M’ =Cu, Ag, Au and M =Si, Ti, Al) obtained by these routes are then comparatively discussed, highlighting
analogies and differences between them. Finally, the most attractive research perspectives in the field are briefly presented.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The last decade has witnessed an exponential growth of
research activities on composite materials based on metal NPs
(guest) in/on suitable oxide matrices (host), thanks to the possi-
bility of tailoring their chemico-physical properties as a function
of particle size, shape and distribution [1-14]. This widespread
scientific and technological interest has been mainly driven by
the concurrence of two causes, namely the full understanding
of nanocomposite behavior and the potential hope for func-
tional applications and economic impact. As a matter of fact,
the novel features acquired on the nano-dimensional regime are
not a mere result of scaling factors [15], but rather stem from
the confinement of charge carriers [16] and the enhancement
of the surface-to-volume ratio on decreasing NPs dimensions
[8,15,17,18], resulting in a spectrum of size-dependent proper-
ties widely diversified from the corresponding bulk counterparts
[3,19-28]. Studies on this evolution might help to elucidate how
properties depend on size in the regime between molecules and
solid-state materials [19,29].

Unique characteristics are also derived from interfacial
NP/matrix interactions, that might appreciably depend on the
presence of defects, compositional gradients and roughness
and play a pivotal role on the system functional performances
[7,8,30—40]. Moreover, the chemical composition and surface
structure of guest NPs might result unstable due to their high
reactivity and energy content [16], leading thus to a progressive
alteration of the system properties under prolonged use. As a
consequence, a full exploitation of the nanosystem potential in
advanced device structures relies on a thorough understanding
of their stability and general properties, with particular regard
to their structure, chemical composition and morphology.

In this context, materials based on clusters of 11th group
metals (Cu, Ag, Au) have fascinated people for centuries, pro-
viding colors for the Medieval cathedral windows, as well as for
vases, pottery and other ornaments [15,16,19,41-45]. Actually,
these systems stimulate considerable interest in various research
fields, due to their intriguing chemico-physical characteristics
and their potential application in catalysis, microelectronics,
sensing, magnetism, photonics and energetics [12,16,25,46].
More specific examples include labels for biomolecules, bio-
and gas sensors, ultrafast optical switches, optical filters and
tweezers [8,11,19,20,26,47—49]. In particular, as metal particles
are reduced in size to tenths of nanometers, a dramatic change
in their optical properties occurs, resulting from the collective
oscillation of electrons in the conduction band [50]. This phe-
nomenon, the so-called SPR, leads to a characteristic absorption
of the visible light [16,43,47]. The frequency and intensity of the

SPR signal are typical of the type of host—guest materials [50]
and are highly sensitive to the size, size distribution and shape
of the NPs [51], as well as to the nature of the surrounding
medium [52]. This direct correspondence between NP features
and their optical response, resulting in the so-called MDRs [53],
has prompted the ongoing intense interest in the optical proper-
ties of Cu, Ag and Au clusters dispersed in/on various media,
fueling the construction of SPR-based sensors and devices in
ever increasing variety.

Among the various supporting/embedding hosts for such
metal NPs, metal oxides have received a significant attention
[54], owing to their different structures and chemico-physical
characteristics. In particular, oxide matrices such as SiO;, TiO»
and Al,O3 have been thoroughly investigated thanks to their
amenable features, such as optical transparency in the visible
range, insulating character, structural and thermal stability and
weak interactions with guest particles [11,30,31,55-58].

Host—guest systems containing gold and silver NPs have been
the subject of several investigations such as heterogeneous catal-
ysis [4,5,20,35,36,38,48,59-68], gas sensing [6,35,49,69,70],
as well as optics and optoelectronics [2,5,14,57,61,71-79],
thanks to the peculiar properties arising when their size
is comparable or lower than the electron mean free path
[16,18,80-83]. Specific examples in these fields concern SERS
experiments, where such NPs are frequently used for signal
enhancement [26,46,51,84,85]. Au- and Ag-based nanocom-
posites have also been employed in a variety of catalytic
processes such as CO oxidation, NO, reduction and water
gas shift reaction [13,20,21,33,36,48,70,86-92]. Furthermore,
oxide-based materials containing Cu, Ag and Au nanoclus-
ters are attractive candidates for the design and develop-
ment of integrated all-optical devices with controllable non-
linear properties [2,27,74,75,83,93—-100], thanks to their fast
response times and large third-order non-linear susceptibility
(x®) values, that are strongly enhanced near the SPR frequency
[74-79,81,94,96,101-106].

Beyond non-linear optical devices, Au/TiO, have been
increasingly employed in photoelectrochemical solar cells,
thanks to the well-known photocatalytic properties of TiO»
[107,108] that are further enhanced by gold dispersion [109].
Dye-sensitized nanocrystalline TiO; solar cells have achieved
sunlight-to-electrical power conversion efficiencies greater than
9% and photocurrents >16 mA cm~2 [110].

In this review, we present the synthesis and properties of
oxide-based nanocomposites containing 11th group NPs, focus-
ing on the most relevant results obtained by our research team
in the last years [53,111-118]. A schematic representation of
the nanocomposites that are the subject of the present work is
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Fig. 1. Sketch of the different categories of M'/M, O, nanosystems considered
in the present review and related technological applications.

proposed in Fig. 1. The major difference between inside-cluster
(Section 3, Ag/SiO; and Cu/SiO») and outside-cluster systems
(Section 4, Ag/SiO; and Au/SiOy) is represented by the spa-
tial distribution of guest metal NPs in the host matrix. While
in the first case, the aggregates are dispersed inside the SiOy
host that also serves as a protective medium for them, in the lat-
ter case they are distributed only on the silica surface. Au/TiO,
nanocomposites are mid-way between these two groups, gold
NPs being present both on the surface and sub-surface titania
layers. Obviously, the technological applications and intrinsic
features of these systems are different. Whereas inside-cluster
composites are mainly interesting for optical devices, outside-
cluster ones are also of relevance in the field of heterogeneous
catalysis and sensing.

A further system modulation can be achieved by the con-
trolled assembly of metal nanoparticles into more complex
shaped structures [16,119]. In a similar philosophy, NPs are
regarded as small “building blocks” that are hierarchically orga-
nized in super-structures by means of suitable preparation routes
[19]. Among the various kinds of NPs-based architectures, spe-
cific examples are represented by 0D, 1D and 2D nanosystems
including, for instance, quantum-dots, nanowires/nanotubes and
2D arrays [119-121]. To this regard, other fascinating systems,
briefly discussed in the final part of this review, are repre-
sented by metal NPs dispersed in the pores of oxide mem-
branes provided with 1D channels, resulting in the formation
of Au NTs (Fig. 1). These mono-dimensional metal arrays are
promising candidates in many research fields thanks to their
anisotropic properties [121-123], that can be exploited in several
advanced applications, such as microelectronic devices, sen-
sors with improved performances [123—126], alignment features
in liquid crystal displays [127], novel heterogeneous catalysts
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[128], magnetic storage media with high capacities [129,130],
field-emission displays and optical energy transport systems
[131].

Specifically, among the various metals, gold-based 1D
nanosystems are attractive elements in device structures for their
low resistivity and chemical stability, as well as in thiol-based
bio-sensors in DNA chips [132] and advanced optical systems
[123].

The present contribution starts with a brief introduction on
the different preparation routes proposed in the literature for
the synthesis of Cu-, Ag- and Au-containing nanocomposites.
Due to the huge number of scientific publications in this field,
this work is far from providing an exhaustive review on the
previously performed research activities. Our aim is rather to
present a survey of the more significant results obtained in the
bottom-up synthesis of nanocomposites, focusing in particular
on SG, RF-sputtering and their innovative combination. For a
more detailed discussion on these methodologies, the reader can
refer to specific pertinent literature.

In particular, we will comparatively report the most relevant
features pertaining to the synthesis and tailoring of M'/M,O,
nanocomposites (M’ =Cu, Ag, Au; M0, =Si02, TiO;, Al,03),
focusing on their structure, composition, morphology, optical
properties and their mutual interrelations with the processing
parameters. Emphasis will be given to the possibility of obtain-
ing prescribed nanosystem properties by a proper choice of the
synthesis and treatment conditions. The nanocomposite pecu-
liarities arising from the NPs distribution and/or reactivity with
the surrounding medium, also depending on the nanometric par-
ticle size, are outlined and discussed.

2. Preparation strategies for nanocomposites based on
metal clusters: the role of sol-gel, RF-sputtering and
hybrid RF-sputtering/sol-gel routes

An open challenge in the field of nanotechnology is the devel-
opment of versatile synthetic strategies to control the nucleation
of the material building blocks and their subsequent assembly
on the nanometric scale into ordered 0D-, 1D-, 2D- and 3D-
structures [15,119,123,133,134]. As a matter of fact, tailoring
of nucleation/growth processes is a key step to improve spe-
cific system characteristics, thus allowing the design of new and
more efficient functional devices provided with optimized per-
formances [13,14,135].

In the particular context of embedded and supported metal
NPs, much research work has been focused on exploring both
solution- and vapor-phase approaches, as well as on the influence
of the matrix surface in directing the nano-unit nucleation and
subsequent organization [136].

Up to date, M'/M,O,-based nanocomposites have been
synthesized by several chemical and physical routes, including
CVD [70,137], SG and impregnation [8,14,35,36,57,89,97,
118,138-153], wet chemical methods and layer-by-layer
self-assembly [8,13,20,27,71,77,93,154-160], ion beam-
assisted techniques [11,55,56,103,161,162], ion implantation
[55,76,163—165], combined thermal and electron beam depo-
sition [166], evaporation [4,33,34,92,167-171], sputtering
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[2,40,53,73,75,79,94-96,101,102,105,113,116,172-180] and
joint sputtering/PE-CVD [181].

An attractive bottom-up preparation strategy for the synthesis
of M /MOy nanocomposites is the SG process [182-184], a ver-
satile low-temperature approach from the liquid to the solid-state
[57,118,142,143,185-194]. The system assembly is obtained
starting from a suitable precursor solution through hydroly-
sis and condensation reactions, that lead to the formation of
oxo-based macromolecular networks, providing the unique pos-
sibility of tailoring the system evolution according to the desired
process path. To this regard, the first steps of the SG reactions,
involving the formation of inorganic building blocks, are par-
ticularly critical. In fact, several parameters including precursor
nature and concentration, solvent nature, hydrolysis ratio, pres-
ence and nature of catalysts, pH, as well as aging time and
temperature [195], influence not only the network type (poly-
mer or cluster-like), but also the cross-linking density [196]. The
modulation of these factors enables one to achieve variations in
the structure and properties of SG-derived networks over a wide
range [197]. These peculiarities, together with the mild synthe-
sis conditions (soft chemistry), make the SG method particularly
suitable for yielding thin films and composites with good control
over NPs size, size distribution, structure and concentration.

As regards nanocomposites based on metal NPs, the SG
route is particularly versatile in the preparation of inside-clusters
with controlled dispersion in the host oxide (Fig. 1). Since the
nanosized particles are formed inside a highly viscous matrix,
their growth and size distribution can be controlled and tai-
lored. Interestingly, the formation of the host and guest phases
in the final system can be performed by a single-step process
thanks to the molecular-level mixing of reactants in the starting
solutions. Alternatively, processing with suitable functionalized
precursors (for instance, organofunctional alkoxysilanes of the
type R’Si(OR)3, with R = alkyl group and R’ = amino-, thiourea-
, thiolate- or acetylacetonate moieties) [186,190,192,198-200]
can play a significant role in promoting a chemical anchoring of
metal species to the forming oxide host matrix, avoiding unde-
sired aggregation phenomena [201] and enabling a fine control
of NPs dispersion. In the present review, both kind of approaches
will be demonstrated in two specific case studies concerning the
preparation of Ag/SiO; and Cu/SiO; nanocomposites, as out-
lined in Section 3.

Among the various vapor-phase synthetic routes to M'/M,O,
outside-cluster systems, RF-sputtering is one of the most fea-
sible thanks to its inherent versatility and the capability of
obtaining an homogeneous surface coverage at low temperatures
under controlled processing conditions [83]. Basically, the pro-
cess involves the ablation of a metal target by a weakly ionized
plasma (ignited by the use of a fixed-frequency RF discharge)
and the condensation of the ejected metal species on a suitable
substrate [202] (in the present case, an oxide matrix). Dur-
ing sputtering, the deposited particles undergo nucleation and
growth phenomena, resulting in the formation of nanosystems
with peculiar morphology as a function of the adopted prepar-
ative conditions. Key advantages of the RF-sputtering process
over other preparation routes are the possibility of controlling
the metal content up to high concentrations [74,75], the poten-

tial to fabricate materials with very high melting points, which
are hardly obtainable by evaporation [176], the flexibility that
permits the preparation of composite films of various metals
and dielectric materials and the capability to produce metal NPs
with controlled size, shape and distribution [74,203] by exploit-
ing the ubiquitous competition between ablation and deposition
processes characterizing non-equilibrium glow discharges [53].
The modulation of the material features arises from a proper
choice of process parameters (RF-power, operating pressure,
substrate temperature, deposition time), that have a combined
influence on both homogeneous and heterogeneous processes
occurring in the plasma, and hence, on the chemical and physi-
cal properties of the final system (Section 4).

A step beyond in the advance of synthetic strategies for com-
posites containing metal NPs is represented by the synergic
combination of RF-sputtering and SG routes, resulting in inno-
vative hybrid approaches [111]. In particular, based on our recent
studies concerning similar CVD/SG joint strategies [204—208],
the attention here is focused on the dispersion of metal NPs by
RF-sputtering into porous as-prepared SG matrices (xerogels)
and on subsequent thermal treatments of the obtained compos-
ite systems (Fig. 2). Such a hybrid RF-sputtering/SG route to
metal NPs-containing nanocomposites has been adopted in the
present work for the tailored synthesis of Au/TiO; nanosystems
(Section 5) [111]. To the best of our knowledge, only a few
reports concerning the preparation of nanocomposites contain-
ing metal NPs by hybrid liquid/vapor-phase routes have, so far,
appeared in the literature [209,210].

The use of a xerogel layer as a substrate enables to explore
variations of the chemico-physical properties under thermal
evolution, with particular regard to the in-depth distribution
and dispersion of the guest NPs in the host matrix and their
mutual interactions. As a matter of fact, xerogels, character-
ized by the presence of non-bridging bonds, provide reaction
sites for successive chemical modifications both on the surface
and sub-surface layers [111,204,205], enabling, in principle, an
optimal dispersion of the deposited metal NPs. Moreover, xero-
gels are particularly suitable as hosts thanks to their inherent
porous structure, that can be exploited to achieve NP con-
finement and quantum-dot growth [211]. A further aspect of
crucial importance in order to obtain NPs with tailored size
and distribution is the competition between deposition/ablation
phenomena characterizing sputtering processes from glow dis-
charges [53]. Moreover, plasma activation of both gas-phase
species and growth surface can promote intermixing processes
between the host matrix and the guest phase already in the as-
prepared systems. The synergic combination of these features
might result in unexpected and/or improved functional proper-
ties. In the present case, due to the soft conditions adopted for
RF-sputtering experiments, plasma-assisted chemico-physical
modifications of the xerogel are expected to involve essentially
the outermost sample region. Finally, ex situ thermal treatments
could induce either a coalescence of the metal particles in the
near-surface region or their migration in the inner layers of the
host matrix, depending on the experimental parameters [111].
To this regard, representative examples will be shown in detail in
Section 5.
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3. Inside-cluster systems: Ag/SiO; and Cu/SiO; by
sol-gel

The present section is devoted to the presentation of relevant
results for the SG synthesis of silica coatings doped with silver
[118,212] and copper NPs [117,213]. The as-prepared samples
only contain the Ag(I) and Cu(Il) cations, which can evolve to
metallic particles after suitable ex situ thermal treatments. In this
regard, whereas in the synthesis of Ag—silica host—guest com-
posites metallic silver clusters are easily obtained, an important
issue for the analogous copper-containing systems is represented
by the variety of possible oxidation states for copper in the guest
nanoparticles. In fact, copper forms two stable semiconducting
oxides, tenorite (CuO) and cuprite (CuO), and both have been
prepared as embedded NPs in silica glasses by various chemical
and physical methods [214-218]. Conversely, the formation of
single-phase metallic Cu NPs in silica is not straightforward and
has to be pursued by a proper combination of synthesis parame-
ters and processing conditions (annealing temperature, time and
atmosphere). As a consequence, beyond the control of NP size
and distribution, the tailoring of the guest copper-phase compo-
sition in the host silica matrix constitutes a major concern.

To our knowledge, whereas many studies have appeared in
literature on the SG growth of Ag crystallites in/on various
oxide-based matrices (compare Section 2), there are only few
available reports on the formation of copper-based nanosystems
up to date [97,139,140,142—-151].

For both Ag/SiO; and Cu/SiO; nanocomposites described in
the following paragraphs, SG films were obtained on amorphous
silica slides by the dip-coating procedure, performed in air at
room temperature [117,118,212,213].

3.1. Ag/SiO; nanosystems

In this paragraph, we discuss some selected experimental
results concerning Ag/SiO; inside-cluster systems obtained by
the SG technique, exploiting the peculiar advantages of this route
outlined in the previous section.

In the SG synthesis of metal-doped silica coatings, two main
aspects have to be taken into account, namely the control of film
composition and of NPs size and distribution. To prevent the
uncontrolled formation of metal particles in the starting solution,
the amino-functionalized silane N-[3-(trimethoxysilyl)propyl]-
ethylenediamine [(CH30)3Si(CH2)3;NH(CH2)2NH»] [219,220]
and silver acetate were used as precursors for the silica network
and the metallic phase, respectively. As a matter of fact, the use
of a precursor in which the silane moiety originating the silica
host matrix is combined with amino-groups able to “anchor”
the silver ions, allows the simultaneous formation of the host
network and of the guest nanoparticles, enabling at the same
time an effective control over the particle size and distribution.

SG solutions of the precursors were prepared in isopropyl
alcohol, also adding controlled amounts of H,O and CH3; COOH,
so that hydrolysis occurred under acid conditions [118,212]. Ex
situ thermal treatments in air were performed at temperatures
between 400 and 800 °C for 1 h, in order to investigate the ther-
mal evolution of the as-prepared samples.

After annealing in air for 1 h at 600 °C, the precursor decom-
position was complete: in this case silver NPs were well sepa-
rated and homogeneously dispersed inside a very pure host silica
matrix, as pointed out by TEM analyses (Fig. 3). In particular,
two cluster populations with different sizes (=2 and ~7nm,
respectively) were observed. Interestingly, HR-TEM analysis
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Fig. 3. BF-TEM plane-view micrograph for an Ag/SiO; specimen annealed in
air at 600 °C for 1h (adapted from [118,212]).

indicated that some of the particles were not spherical, but
rather exhibited a faceted shape (Fig. 4). Concerning the NPs
chemical composition, XPS and XE-AES showed that the silver
oxidation state changed with temperature. In particular, the anal-

Fig. 4. HR-TEM micrograph of an Ag/SiO; layer annealed in air at 600 °C for
1 h. The icosahedric shape of the silver nanoparticle is clearly visible, as well as
the lattice fringes of (1 1 1) silver planes (adapted from [212]).

ysis aimed at determining the co-presence of Ag(0) and Ag(I)
required great attention. Since the XPS peak positions of these
two species are comparable [114,118,221,222], the calculation
of the Auger parameters o1 [BE(Ag3ds)) + KE(AgMsNN)] and
as [BE(Ag3dsy) + KE(AgM4NN)] was necessary to solve the
question [223,224]. In particular, at temperatures up to 550 °C
silver was still partly oxidized [Ag(I)], while in the 600 °C-
heated sample almost all the silver was in the metallic state.
Nevertheless, a faint interaction between silver nanoclusters
and the surrounding silica matrix was pointed out by SIMS
analysis. Such investigation showed both AgO* and AgOSi*
fragments, ascribed to the presence of some oxidized silver
atoms and to the formation of a silicate shell surrounding the
NPs [118]. The formation of crystalline Ag in the samples
was not detected up to an annealing temperature of 600 °C, at
which sharp diffraction peaks ascribable to fcc metal silver were
instead observed. Moreover, optical absorption spectrum of the
sample heated at 600 °C was characterized by a very intense
and narrow band, peaked at A =407 nm (Fig. 5) and ascribed
to the SPR of silver NPs in silica. For higher annealing tem-
peratures (800 °C), the oxidation state of silver atoms changed
abruptly, since Ag(0) atoms underwent a complete oxidation to
Ag(D).

A realistic hypothesis explaining the Ag NPs formation and
the consequent color change of the coatings is based on a
temperature-dependent redox mechanism [118]. XPS investiga-
tion showed that at temperatures up to 550 °C Ag(I) ions were
progressively reduced to Ag(0) by the amino-groups present in
the silane precursor, which were, in turn, oxidized. This reaction
and the consequent aggregation of Ag(0) species to form silver
clusters induced a color change of the coatings from transparent
to pale yellow. At 600 °C metallic NPs, producing an intense yel-
low coloration, were present in the films, as proved by both XRD
and TEM analyses. Again, systems heated in air at 7> 800 °C

Absorbance (a.u.)

||||||l|l||||||||llllllllll||l|||||||l|||||||||l|||
200 300 400 500 600 700
A (nm)

Fig. 5. Optical absorption spectrum of an Ag/SiO; nanocomposite annealed in
air at 600 °C for 1 h (adapted from [118]).
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appeared completely colorless due to the Ag(0) — Ag(I) con-
version.

In summary, the tailoring of size, distribution and stability of
Ag NPs in SiOy has been obtained on the basis of the proper
choice of SG processing conditions, combined with a careful
thermal treatment. The tunable composition and structure of the
resulting composites are of great interest, since most of their
advanced technological applications require an accurate control
of these features.

3.2. Cu/SiO; nanosystems

In the previous paragraph, we have outlined the main features
of Ag/SiO, nanocomposites, obtained by SG starting from suit-
ably functionalized precursor compounds. A valuable alternative
to obtain M'/M,.O, systems via SG exploits the molecular-level
mixing of reactants in the starting solutions. The feasibility of
such a strategy will be demonstrated in the present paragraph,
focused on the design and synthesis of Cu/SiO, nanosystems.

Composite silica coatings containing copper NPs were pre-
pared from ethanolic solutions of TEOS and Cu(Il) acetate. In
analogy to silver—silica nanosystems, the as-prepared samples
only contained Cu(Il) cations, which evolved to fenorite (CuO),
cuprite (CupyO) or metallic Cu crystallites depending on thermal
treatment conditions: temperature (100-900 °C), time (1-5h)
and atmosphere (air, N, 4% H, in N3) [117]. In all samples,
a homogenous distribution of copper-containing NPs in the SG
silica matrix was observed, as demonstrated by TEM analy-
sis (Fig. 6). The crystalline phase first obtained by treatments
under both air and nitrogen atmospheres was fenorite. Whereas
it was stable in air over a wide temperature range (up to 900 °C),
prolonged treatments under flowing N (up to 5h) resulted in
the formation of cuprite, due to the low stability of CuO in
oxygen-deficient atmospheres [225,226]. Consequently, the for-
mation of crystalline clusters containing reduced copper species

surface

substrate

Fig. 6. Representative BF-TEM cross-sectional micrograph for a copper—silica
nanocomposites annealed in air at 900 °C for 5 h (adapted from [117]).

was studied by treating the as-prepared samples in Hy (4% in
N»). The effect of Hy—N; atmosphere on the system compo-
sition and microstructure was well demonstrated after heating
at 900 °C. Higher treatment temperatures were not adopted to
avoid undesired reactions between the guest species and the
host silica matrix. In these conditions, a prolonged annealing
(up to 5h) resulted in the progressive appearance of crystalline
Cu at expenses of the CuO crystal phase, even if tenorite was
still present in the sample. In fact, as shown in the GIXRD
spectra of Fig. 7, tenorite peaks were accompanied by the
typical reflections of fcc metallic copper. The Cu(Il) — Cu(0)
reduction process in samples treated under Hp—N, flow was
also investigated by UV-visible analysis (Fig. 8). As can be
observed, prolonged annealing at 900 °C favored a progressive
cupric-to-metallic copper conversion, as confirmed by the inten-
sity increase of the Cu NPs SPR band located at A &~ 570 nm
[50,214]. However, in order to attain a complete transfor-
mation of Cu(Il) species into Cu ones, an alternative route
was followed. Previously N»-treated (900 °C, 5h) CuyO/SiO,
specimens were subjected to annealing in H,—N> atmosphere
under the most severe tested conditions (further 5h at 900 °C).
The resulting GIXRD spectrum clearly displayed two intense
reflections associated to metallic copper (average cluster size
~20nm), without any significant contribution from CuO and/or
Cuy0 phases (Fig. 9). Such results were not obtained when
tenorite was subjected to reducing heat treatments. The differ-
ent behavior between tenorite and cuprite could be tentatively
explained by considering that the reduction reaction to metal-
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Fig. 7. GIXRD spectra for copper—silica nanocomposites annealed in a 4%
H,-N; atmosphere. The markers refer to the CuO (OJ) and Cu () crystal
phases (adapted from [117]).
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Fig. 8. Optical absorption spectra of copper—silica nanocomposites annealed at
900 °C for different time in a 4% H>—N; atmosphere (adapted from [117]).
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Fig. 9. GIXRD spectra for specimens annealed at 900 °C for 5h in N, and
subsequently treated at 900 °C, 5h in a 4% H»—N, atmosphere. The markers
indicate the CuO (O), Cu,0 (4) and Cu (Q) reflections (adapted from [117]).

lic copper might require different induction times in the two
cases.

In order to attain a deeper insight on the NPs structure and
composition, the above samples were investigated by TEM
analyses. The cluster composition was deduced by HR-TEM
and EDS analysis on single particles. In the case of the sam-
ple annealed at 900 °C first in N, for 5h and subsequently in
H»—N» for 5h, some of the metallic clusters exhibited a partial
core—shell structure, in which a Cu core was partially surrounded
by a CuO shell. This structure is shown in the HR-TEM image
of Fig. 10, whose Fourier transform indicated the coexistence
of (111) planes of both metallic Cu and CuO in the nanoclus-
ters. To justify the presence of tenorite, two explanations can
be proposed: (i) a more prolonged treatment for the complete
reduction of Cu(Il) to Cu(0) is necessary; (ii) the guest copper
NPs can not be considered as inert towards the host silica matrix.
In fact, atoms lying at the borders can interact with the surround-
ing oxide medium giving rise to Cu—O bonds, which form a sort
of crown around the clusters themselves.

Taken together, the results presented in this paragraph
have demonstrated the possibility of obtaining copper—silica
nanocomposites by a single-step SG process. An important fea-
ture of the proposed approach is the opportunity to tailor the
guest phase composition from CuO to Cu;O and Cu as a function
of thermal treatment. In particular, the preparation of homoge-
neously distributed Cu NPs in a pure silica matrix required the
use of severe annealing treatments under reducing atmospheres
(4% H; in N»). In these conditions, a complete host silica den-
sification was observed, making the matrix undistinguishable
from the substrate.

A critical comparison with Ag/SiO; systems (Section 3.1)
demonstrates important differences and analogies with respect

3!6‘:"—(:.\- — !
(111) Cu

(111) CuO

Fig. 10. Representative HR-TEM cross-sectional micrograph and its Fourier
transform (inset) for a copper-silica nanocomposites annealed at 900 °C, 5h in
N; and subsequently in a Ho—N, atmosphere (further 5 h) (adapted from [117]).
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to the present case. At variance with Ag/SiO; nanocomposites,
that were obtained using an amino-functionalized silane capa-
ble of originating the silica network and anchoring the silver
ions, enabling thus an effective control of Ag NPs size and dis-
tribution, Cu/SiO; nanosystems were synthesized by exploiting
the molecular-level mixing of Cu and SiO; precursors in the
starting sols. Interestingly, a common feature to both systems
was the reactivity of metal NPs towards the host matrix pro-
moted by annealing treatments. Concerning Ag/SiO; systems,
the host—guest interaction resulted in the formation of a silver
silicate-containing crown at the interface between Ag NPs and
the surrounding silica. In the case of Cu/SiO; nanocomposites,
the interaction was more pronounced, leading to the formation of
aCuO shell around the guest Cu particles. As a whole, these char-
acteristics demonstrate the complexity of redox mechanisms
controlling the thermal evolution of SG metal NPs-containing
composites.

4. Outside-cluster systems: Ag/SiO; and Au/SiO; by
RF-sputtering

In the previous section, attention has been focused on the syn-
thesis of Ag/Si0; and Cu/SiO; inside-cluster systems by the SG
route, interesting in the field of optics. Nevertheless, applications
in catalysis and gas sensing require the metal nanoparticles to
be completely, or at least partially, exposed to the ambient in
order for the reagents to reach the catalytic centers. While the
previously proposed SG strategies are not a viable alternative for
the preparation of such composites, RF-sputtering is one of the
most versatile techniques for the production of outside-cluster
systems. In fact, it allows the preparation of supported metal
NPs with controllable composition, structure and morphology
thanks to the possibility of nucleation to prevail over the subse-
quent particle growth (Section 2).

The present section focuses on Ag/SiO, and Au/SiOy
outside-cluster systems obtained by Ar RF-sputtering of a silver
and gold target, respectively, on amorphous silica slides under
soft synthesis conditions. In general, a controlled modulation
of metal content and particle size, shape and distribution was
obtained as a function of the applied RF-power, total pressure,
substrate temperature and deposition time. Despite the control
of such variables could be exerted independently, their com-
bined influence strongly affects the system characteristics. In
the following, we will try to discuss the role of the different
experimental parameters, highlighting the advantages of RF-
sputtering in terms of versatility and process control. Particular
attention will also be devoted to a comparison of the two sys-
tems, with special regard to the characteristics arising from the
different chemical reactivity of silver and gold metal NPs.

4.1. Ag/SiO; nanosystems

Two of the most important variables influencing sputtering
depositions are the RF-power and the total pressure applied to
the discharge. While the first affects the dynamics of collision
processes occurring both in the plasma phase and on the growth
surface, the second can be mainly related to the energy trans-

fer from the applied electric field to the species present in the
discharge, as well as to the target and to the substrate [227].
The mutual interplay of these parameters has to be properly
taken into account for a detailed understanding of the plasmo-
chemical processes involved in the NPs nucleation and growth.
In particular, variations of p and W influence the value of the
so-called self-bias potential, Vpias, Which is the DC potential
developed on the target during plasma ignition [53,228]. This
parameter, whose modulus increases with (W/p)!/2, is the reg-
ulator of the sputtering yield, that increases as Vpias becomes
more negative [202]. Despite monitoring the self-bias poten-
tial is a fundamental mean for an accurate process control, its
sole knowledge does not guarantee a complete prediction of the
system properties, since the combined influence of p and W on
both homogeneous and heterogeneous processes has to be con-
sidered. To this aim, a precious tool for a deeper insight into
the nucleation and growth phenomena resides in the use of in
situ characterization techniques, such as LRI, for a real-time
investigation of the deposition process. This technique monitors
the intensity of a monochromatic light beam reflected from the
growth surface as a function of ¢ [229] and can probe surface
modifications occurring during each growth step [230].

The LRI traces for two representative Ag/SiO, sample sets
obtained at different total pressures and progressively higher
RF-powers are reported in Fig. 11, together with the correspond-
ing Vpiys value for each sample. A progressive R increase as a
function of deposition time from 3.4% (the value for the bare
silica substrate [53]) to a final value dependent on the applied
RF-power and total pressure was observed, indicating the pro-
gressive substitution of the ambience/substrate interface with the
more reflecting ambience/silver one. As a general rule, higher
final reflectance values were detected on increasing W. Such
a result is consistent with the parallel increase of the sputter-
ing yield and, subsequently, of the deposited metal amount, on
increasing the modulus of V.. Furthermore, a careful inspec-
tion of Fig. 11 indicates that samples obtained at the same
RF-power but different pressures, despite the similar | Vi, | val-
ues, are characterized by a different final reflectance. This effect
is mainly related to the pressure influence on the system prop-
erties, affecting both the amount and the morphology of the
deposited metal particles [113]. Such considerations are better
exemplified by the TEM images reported in Fig. 12 for two sam-
ples obtained at the same RF-power, but different p values. While
Fig. 12a is characterized by almost spherical and well-separated
NPs uniformly distributed on the silica substrate, with a narrow
size distribution (average dimensions ~12nm), a decrease in
the total pressure (Fig. 12b) results in a higher density of silver
aggregates, characterized by a lower average inter-particle dis-
tance. Furthermore, several NPs show marked variations from
the spherical shape, and correspondingly, a broader size dis-
tribution (10-50nm). As demonstrated by the image contrast,
most particles appear to be composed of several crystallites [60].
These observations, further supported by SAED, GIXRD, AFM
and XPS results [113], indicate that a suitable combination of W
and p allows a fine modulation of the system composition, struc-
ture and morphology, resulting in turn, in a parallel evolution of
the optical properties.
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Fig. 11. Reflectance (R, %) vs. t traces obtained by LRI during Ag sputtering on SiO; at (a) 0.23 mbar, (b) 0.08 mbar at different RF-powers (from bottom to top: 5,
10, 15 and 25 W; T=60°C; =10 min). The vertical lines mark the beginning (plasma on) and the end (plasma off) of the deposition process.

To this regard, the absorption spectra of a representative sam-
ple set as a function of the applied RF-power (Fig. 13) are a
prototypical example of MDRs [53]. As a general rule, three
major effects were detected on going from 5 to 25 W: (i) the
appearance and the intensity increase of an absorption band in
the visible region, attributable to the SPR of Ag/SiO» nanosys-
tems [4,57,118,166]; (ii) a concomitant broadening of the same
signal; (iii) a red-shift from A ~ 450 to ~ 550 nm.

The band intensity increase was mainly traced back to the
higher sputtering yield on increasing the RF-power, thus result-
ing in the deposition of a progressively higher metal amount.
Moreover, the observed peak broadening was related to a grad-
ually wider NPs size and shape distribution at higher silver
percentages [4,7,39]. This phenomenon was likely responsible
also for the remarkable peak asymmetry in the samples featur-
ing a higher Ag content [40,166]. Finally, the peak shift towards

higher wavelengths was ascribed to the absorption by larger
coalescence aggregates [37,39,40,57] and to the increasing inter-
action between more densely packed Ag NPs [135], resulting in
the so-called island-like nanosystems [53].

In analogy to Ag/SiO; inside-cluster nanocomposites (com-
pare Section 3.1), a joint use of XPS and XE-AES analyses was
necessary in order to determine the silver oxidation state. In this
case, typical values of «; and «» fell between those reported
for Ag(0) and Ag(I) [113,114], suggesting thus a partial surface
Ag oxidation. The occurrence of this phenomenon was further
confirmed by the analysis of Ols and C1s photoelectron peaks
that pointed out to the presence of carbonates/bicarbonates likely
arising from interactions of silver NPs with the outer atmosphere
[113,114]. Interestingly, the amounts of these species increased
on decreasing the Ag NPs dimensions, indicating a direct corre-
spondence between reactivity with outer atmosphere and silver

Fig. 12. Plane-view TEM images of two Ag/SiO; specimens obtained at 5 W and (a) 0.23 mbar and (b) 0.08 mbar. The corresponding Ag surface atomic percentages
were ~30 and ~75%, respectively, as determined by XPS analysis (adapted from [113]).
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Fig. 13. Optical absorption spectra for an Ag/SiO, sample set obtained at
p=0.23 mbar and different RF-powers.

cluster size. Nevertheless, despite this partial oxidation, the pres-
ence of metallic silver was confirmed by UV—visible and GIXRD
results. Such considerations are consistent with the occurrence
of metallic Ag NPs surrounded by an oxidized shell.

In summary, a critical examination of the results obtained
by different analytical in situ and ex situ techniques allowed to
elucidate the dynamics of the processes involved in the nucle-
ation and growth of silver on silica, whose evolution could be
summarized as follows:

- at the beginning of the sputtering process Ag,/Ag,* species
impinge on the silica surface from the plasma phase, giving
rise to small and far apart nucleation sites. During the first
stages, i.e., when the deposited silver amount is low enough,
very small spherical NPs, with a narrow size distribution, are
formed on the SiO, surface;

- aprogressive increase in the silver content results both in the
formation of further nucleation sites and in the growth of pre-
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formed ones, according to a Volmer—Weber mechanism [113].
This phenomenon produces bigger particles with a broader
size distribution and shape variations from spherical-like to
prolate. All the above effects and the concomitant lowering
of the inter-particle distance result in a steeper increase of the
system reflectance and in a stronger absorption band in the
visible region, whose intensity, shape and position are directly
dependent on the system morphology.

A comparison of these results with the ones pertaining to SG
Ag/SiO; nanocomposites points out to an appreciable reactivity
of Ag NPs with the surrounding medium in both cases (Section
3.1). For the present systems, interaction with the outer atmo-
sphere produces an external carbonate/bicarbonate shell around
the particles. Conversely, as regards Ag/SiO; inside-cluster sys-
tems obtained by SG, host—guest interactions result in a silver
silicate crown between Ag NPs and the silica matrix. For outside-
cluster systems, this particle reactivity could be advantageously
exploited in functional applications such as heterogeneous catal-
ysis. Nevertheless, it might induce a progressive alteration of the
system properties under prolonged use, requiring thus a judi-
cious optimization of the synthesis conditions to stabilize Ag
NPs.

4.2. Au/SiO; nanosystems

Gold sputtering on silica was performed under different
conditions in order to systematically investigate the interplay
among the synthesis parameters and the obtained nanosystem
properties [53,116]. As already observed in Section 4.1, the
appreciable self-bias potential dependence on W [53] could be
properly exploited for a careful modulation of the deposited
metal amount. Fig. 14a shows a linear increase of the Au sur-
face atomic percentage as a function of the applied RF-power
for a representative sample set. A similar behavior, that was also
observed at different total pressures [53], is consistent with the
increase of the sputtering yield under more drastic plasma con-
ditions. Interestingly, despite the linear interrelation reported
in Fig. 14a, other system properties follow a different depen-
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Fig. 14. (a) XPS Au surface percentage and (b) average Au crystallite size vs. RF-power for an Au/SiO; sample set (p=0.38 mbar, 7=60 °C, =10 min) (adapted

from [53]).
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dence on the RF-power. In particular, the average crystallite
size, as estimated from GIXRD peak width, presents an expo-
nential increase with W, leading to a sort of saturation regime at
the highest W values (Fig. 14b). Such a behavior can be traced
back to the predominance of nucleation over the subsequent NPs
growth, despite the progressive increase in the sputtering yield
with power. In fact, an important feature of the RF-sputtering
technique is the competition between deposition and ablation
processes characterizing glow discharges [53,74,203], the lat-
ter becoming progressively more important at higher W values.
This aspect represents a key factor for the synthesis of supported
NPs with tailored structure/morphology, which in turn, strongly
affect their optical properties.

A further tailoring of the system features could be achieved by
controlling the sputtering time and deposition temperature [116].
In particular, while variations of ¢ allow to elucidate the temporal
dynamics of nucleation/coalescence processes as a function of
the metal content, 7 has a strong influence on gold NPs surface
distribution and crystallinity, as well as on their size and shape.

The structural evolution for two representative sample sets
as a function of ¢ and T is reported in Fig. 15a and b, respec-
tively. As a general rule, diffraction patterns are characterized
by the signals of fcc metallic gold, with no appreciable prefer-
ential orientation. In particular, as concerns Fig. 15a, variations
of the peak intensity are related to the increase of the deposited
metal amount with ¢, all the other parameters being constant.
In this context, the absence of clearly detectable signals for the
sample obtained at 5 min can be mainly traced back to the low
gold content (*5% Au surface atomic percentage, as obtained
by XPS analysis) [116]. Higher sputtering times resulted in the
linear increase of the Au surface percentage (up to ~25% for
sample obtained at 30 min) [116]. Interestingly, in the present
case, the average crystallite size displayed a linear (and not
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exponential, like in Fig. 14b) increase on increasing ¢ from 5 to
30 min [231]. This phenomenon can be related to the preferential
interaction of impinging Au-containing species with pre-formed
gold nucleation sites rather than with silica, in agreement with a
Volmer—Weber growth mechanism (see below) [167,179,232].
The different dependence of the crystallite size on deposition
time and RF-power is consistent with the different role exerted
by such parameters on the material properties, since the applied
RF-power also influences the competition between deposition
and ablation phenomena.

In the case of Fig. 15b, all specimens are characterized by the
same deposited metal amount. As a consequence, the progres-
sive intensity increase and peak narrowing of gold reflections
with deposition temperature can be ascribed to thermal dif-
fusion of Au species and subsequent coalescence into bigger
NPs [94,233]. Such events are likely enhanced by particle bom-
bardment on the growth surface during the depositions, that is
expected to favor the re-distribution of gold species. In fact, a
linear increase of the crystallite size on increasing T from 60
to 210°C is demonstrated and accompanied by a variation of
the Au surface atomic percentage from ~20 to ~40% [116],
indicating an augmented dispersion of Au NPs on SiO;. For
these specimens, AFM investigation (Fig. 16) reveals a globu-
lar surface morphology, typical for a 3D Volmer—Weber growth
mechanism [167,179,232].

Interestingly, a common feature to all the obtained Au/SiO»
outside-cluster nanosystems is the absence of Au NPs reactivity
with their surroundings. In fact, XPS analyses never demonstrate
the presence of species different from Au(0), irrespective of the
processing conditions. Such a feature points out to a relatively
higher stability of the obtained gold NPs with respect to the
Ag ones (Section 4.1) and to negligible interactions with their
surroundings.
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Fig. 15. GIXRD patterns of Au/SiO, nanosystems as a function of (a) sputtering time (W=5 W, p=0.38 mbar, 7= 60 °C, Vpias = —250 V) and (b) substrate temperature
(W=10W, p=0.38 mbar, =20 min, Vi;as =—355 V). The vertical lines indicate the peak positions for bulk gold (adapted from [116]).
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Fig. 16. Representative AFM image (1 wm x 1 wm) for an as-prepared Au/SiO»
specimen (W=10W, p=0.38 mbar, 7=60°C; r=20min). The average grain
size is ~50 nm (adapted from [116]).

Selected TEM images of two representative samples are
reported in Fig. 17. In Fig. 17a, the presence of gold nanoclus-
ters with an average size of 3—4 nm can be observed. Most of the
NPs appear single-domain, almost spherical in shape and quite
separated from each other. Conversely, the sample in Fig. 17b
displays a uniform dispersion of elongated and bigger Au aggre-
gates. Interestingly, the image contrast suggests that such NPs
are multi-domain [2] (average crystallite size ~5nm), as indi-
cated by the darker spots clearly visible in several agglomerates.

Such specimens can be considered the prototype of two dif-
ferent nanosystems, the so-called cluster- or island-like systems,
respectively [53], characterized by diversified optical responses.
In fact, while the sample of Fig. 17a presents the typical SPR
peak expected in the case of well dispersed gold NPs in/on a
dielectric medium, the morphology of Fig. 17b results in a broad-
ened and asymmetric absorption band extending towards the IR
region. In analogy to the case discussed in Section 4.1 (see also
Fig. 13), this is another characteristic example of MDRs, reveal-
ing a direct influence of the system morphology on the resulting
optical response.

In summary, a careful choice of the operational parameters
(RF-power, total pressure, substrate temperature and deposition
time), together with a thorough understanding of their influ-
ence on the deposition process, enables to control both the
morphology and the optical properties of the obtained Au/SiO»
nanocomposites.

5. Between inside- and outside-clusters: Au/TiO, by an
hybrid RF-sputtering/sol-gel approach

We focus now the attention on Au/TiO, nanosystems syn-
thesized by an original hybrid RF-sputtering/SG route [111], as
described in Section 2. In particular, titania xerogels (host) were
deposited on silica slides by dip-coating from ethanolic solu-
tions containing titanium(I'V) isopropoxyde and acetylacetone.
The obtained specimens, free from any detectable crystalline
phase as proved by GIXRD analyses, were subsequently used
in RF-sputtering depositions of gold (guest) from Ar plasmas
without further treatments. Experiments were carried out under
optimized conditions, at temperatures as low as 60 °C, in order
to avoid thermally induced modifications of the host xerogel
morphology and structure.

The overall sputtered gold amounts in the obtained specimens
was tailored by varying the Vy;,s values during the sputtering pro-
cesses. The as-prepared specimens displayed a color dependence
on the synthesis conditions, changing from green to pink on
decreasing the Au content. In order to investigate heat-induced
structural, compositional and morphological evolutions, all the
samples were annealed ex situ in air for 1h at temperatures
ranging from 200 to 600 °C. In principle, thermal treatment
could induce either a coalescence of the guest Au particles in
the near-surface region or their migration in the inner layers of
the host TiO, matrix. It is worth noticing that the plasma treat-
ment itself did not induce the crystallization of the as-prepared
titania xerogels, which transformed into nanostructured anatase
(mean crystallite size ~15 nm) only after thermal treatments at

20 nm &g

Fig. 17. BF-TEM images for Au/SiO; nanosystems obtained at: (a) W=5W, p=0.38 mbar, =60 °C, r=30min; (b) W=5W, p=0.08 mbar, 7=60°C, =10 min

(adapted from [53]).
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T>400°C, as typically observed for TiO; films synthesized by
the SG route [152,153,173,234].

Irrespective of the processing conditions, a progressive
decrease of the Au surface percentage with the annealing tem-
perature was observed (Fig. 18a). Moreover, the dependence
of Au content on T became progressively weaker on lower-
ing the overall gold amount in the as-prepared specimens (i.e.,
on lowering the |Vyias| value). This behavior was explained by
taking into account that the coalescence/agglomeration of gold
NPs, favored by an increase of thermal energy [8,162,174,203],
might be responsible for a diminished surface coverage at higher
treatment temperatures, resulting in an apparent lowering of Au
percentage. Such behavior was expected to be more effective for
nanosystems characterized by a higher gold content (Fig. 18a).
An additional contributing effect might result from gold pene-
tration in the sub-surface titania layers. Indeed, XPS analyses
confirmed the occurrence of this phenomenon already in the as-
prepared specimens, that might thus be regarded as mid-way
between outside- and inside-cluster systems (Fig. 1). For the
composites containing the lowest gold amount, the weaker vari-
ations of Au surface percentage with the heating temperature
were related to more limited coalescence/agglomeration pro-
cesses resulting, in turn, from the lower density of gold NPs in
the as-prepared specimens. In this case, appreciable Au percent-
age variations began to occur at 400 °C, in concomitance with
the formation of crystalline TiO; [153,235].

Thermally induced gold agglomeration, resulting in the
decrease of surface gold content, was confirmed by both GIXRD
and TEM analyses. As a general trend, all specimens pre-
sented reflections attributed to fcc metal gold, whose intensity
underwent a progressive increase under more severe annealing
conditions. The mean Au nanocrystal dimensions (Fig. 18b)
increased linearly with annealing temperature, indicating that
heat treatments favored a progressive coalescence of gold NPs.
Interestingly, despite the fact that the average gold crystallite
size was ~4nm in all the as-prepared specimens, the curve
slope increased with the overall Au amount, indicating its

Au surface percentage (%)
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appreciable influence on particle agglomeration, as suggested
above.

A deeper insight into the Au/TiO; nanostructure as a function
of thermal treatment was obtained by TEM analyses. Fig. 19a
and b report representative micrographs of an as-prepared spec-
imen. On the surface of the titania film, Au particles having a
bimodal size distribution can be clearly discerned. The smallest
clusters had a mean diameter lower than 2 nm and a higher pop-
ulation density, whereas largest particles between 5 and 8 nm
were also present (Fig. 19a). The higher number of smaller par-
ticles was attributed to the peculiar composition of the titania
host matrix, i.e., to the presence of polar groups (mainly —OH),
acting as grafting sites for the sputtered gold particles (Section
2) [111]. This feature, together with the soft deposition condi-
tions (T=60°C), is likely to result in the formation of many
nucleation sites per unit area, that limit the subsequent particle
agglomeration and growth during the synthesis. An inspection
of the HR-TEM image in Fig. 19b allowed to discern the (1 1 1)
planes of fcc metal gold and the amorphous structure of the
titania matrix, in agreement with GIXRD results.

As a matter of fact, a significant structural evolution was
observed upon thermal treatment in air. Fig. 19c and d display
two selected TEM images for the sample of Fig. 19a and b
after annealing at 600 °C. As can be noticed, heat treatment
produced the crystallization of the titania host matrix (fringes
due to (101) anatase planes are evident) and the growth of
larger gold particles at expenses of smaller ones, whose numer-
ical density underwent a remarkable decrease. Moreover, most
Au NPs appeared to be composed by the aggregation of different
nanocrystallites, as proved by the image contrast in Fig. 19d.

In analogy to the results reported in Section 4.2, XPS inves-
tigation demonstrated that Au NPs only contained metallic gold
species, whatever the adopted conditions.

The Au/TiO; system evolution as a function of the annealing
temperature was further investigated by optical spectroscopy, as
exemplified in Fig. 20. As can be observed, the absorption spec-
trum of the as-prepared Au/TiO; system showed a broadened
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Fig. 18. (a) Evolution of gold percentage and (b) mean Au crystallite size for Au/TiO, nanocomposites as a function of the annealing temperature. Gold content in
the different samples was tailored by changing the Vi, value in the sputtering experiments (adapted from [111]).
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Fig. 19. BF-TEM images for an Au/TiO, sample obtained at Vijas = —305V (W=5W, p=0.08 mbar, 7=60 °C, = 10 min): (a and b) as-prepared and (c and d) after

annealing in air at 600 °C for 1 h.

band centered at A ~ 640 nm extending towards the IR region,
characteristic for an Au/TiO2 nanosystem with a very large
particle size distribution [109]. Similar spectra have already
been discussed for island-like nanosystems (Section 4). Upon
annealing (200 °C), the development of a SPR peak centered
at A~ 590 nm, typical for gold nanoclusters dispersed in/on a
titania matrix, was observed [77,152,153]. At higher treatment
temperatures, the plasmon band underwent an intensity increase
and a progressive shift to higher wavelengths, up to A &~ 630 nm.
Similar red-shifts have been mainly attributed to the change in
the relative permittivity of the host TiO, matrix upon crystal-
lization [8,50,77,153,162,174,203].

The above results demonstrated that the chemico-physical
properties of Au/TiO; nanosystems obtained by the hybrid RF-
sputtering/SG approach are strongly affected by: (i) the overall
gold amount in the starting specimens, influencing the system
thermal evolution; (ii) the active role of the SG titania xerogel

in tailoring the Au NPs distribution. For samples containing the
lowest Au amount, small gold NPs can be considered homoge-
neously dispersed on the xerogel surface and partially trapped in
the matrix pores, thus preventing an appreciable coalescence of
Au agglomerates. At progressively higher gold content, the over-
all contact area between different Au NPs is likely to increase,
so that thermally induced coalescence/agglomeration processes
are more favored. Such features can explain the different depen-
dence of Au surface percentage and nanocrystal size on temper-
ature (Fig. 18).

6. From metal nanoclusters to nanotubes:
RF-sputtering of gold into porous membranes

In the previous paragraphs, attention has been focused on
nanocomposites containing both supported and embedded metal
NPs. To this aim, tailoring of the particle size and shape [123],
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Fig. 20. Evolution of optical absorption spectra with annealing temperature
for Au/TiO, specimens obtained at Vijas=—305V (W=5W, p=0.08 mbar,
t=10min, T=60°C) (adapted from [111]).

as well as of their surface and in-depth distribution, has been
shown to be particularly important in order to control the system
properties and achieve specific functional performances. In this
context, several research efforts have been addressed to obtain
metal 1D nanosystems, especially based on gold [123,236].
Among the various synthetic approaches, template routes entail-
ing the synthesis of 1D metal nanostructures in suitable mem-
branes have received a great attention [58,129,237,238]. Fol-
lowing this philosophy, the desired metal-based architecture
is obtained by controlling the assembly of metal NPs within
the pores of the membrane, whose channel structure and mor-
phology direct the 1D growth. Finally, the template can be
selectively removed by means of post-synthesis chemical pro-
cesses [121]. Depending on the membrane and the specifically
adopted method, either nanorods or hollow nanotubes with tai-
lored aspect ratio (length/diameter) and functional properties
can be obtained [239].

Basing on our previous works concerning the RF-sputtering
of gold on conventional substrates [53,116], in the present para-
graph we demonstrate the possibility of transferring such results
to the vapor-phase synthesis of 1D gold NTs by controlling the
in-depth distribution and organization of gold NPs in the pores of
AAO hosts. To this aim, the tailored dispersion of metal particles
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in the AAO membrane (Fig. 21) used as a sacrificial template
and their controlled organization allows the preparation of both
Au/AAO composites and free-standing gold 1D nanostructures,
the latter being obtained by ex situ host removal in acidic or
alkaline aqueous solutions.

An important method advantage is the possibility to achieve
the conformal coverage of a complex surface topography under
low-temperature conditions. In particular, the infiltration power
and the competition between deposition and ablation processes
characterizing plasma-assisted techniques [53] enable to tailor
the penetration of gold NPs into the AAO membranes and their
controlled assembly into 1D nanostructures, whose morphology
depends on the synthesis conditions and the membrane pore
size.

The method potentials are exemplified by the SEM micro-
graphs reported in Fig. 22. In fact, despite the presence of
non-regular channels, the in-depth gold penetration into the
AAO membrane was demonstrated by the cross-section image
of Fig. 22a, where the chemical contrast suggested the presence
of Auinaregion ~1 pwm thick. Interestingly, a higher magnifica-
tion micrograph (Fig. 22b) revealed that pore filling occurred as
a result of the decoration of the AAO pore walls by gold NPs of
a few tenths of nanometers (mean gold crystallite size ~25 nm).
The coalescence of such aggregates, whose formation was stud-
ied in detail in our previous works [53,111,116], in the outermost
AAO membrane regions resulted in 1D structures with a shape
complementary to that of the matrix pores and an aspect ratio
close to five.

In order to attain a deeper insight into gold nanotube morphol-
ogy, our interest was subsequently devoted to obtain a controlled
template removal, enabling to preserve the original morphol-
ogy of Au 1D nanoaggregates. Membrane etching in aqueous
sodium hydroxide solutions [128,236,240,241] allowed an effi-
cient AAO dissolution and demonstrated a uniform distribution
of self-supporting and aligned Au 1D nanostructures (Fig. 23).
Interestingly, most of them present a conical-like shape comple-
mentary to that of the membrane pores. Differently from most 1D
Au nanosystems previously obtained in AAO [58,122,240,242],
most of the present structures appear open at the top, thus prov-
ing the formation of NTs instead of nanowires/rods. This feature,
demonstrating the conformal coverage achievable by the pro-
posed synthetic pathway, could be of relevant importance in
several applicative fields [236].

RF- template
sputtering removal
AAO membrane Au/AAO Au NTs
composite

Fig. 21. Sketch of the procedure adopted for the synthesis of gold nanotubes. An AAO membrane (nominal pore diameter =200 nm) (1) is subjected to RF-sputtering
of gold from Ar plasmas (W=40W; p=0.02 mbar; =60 min) at temperatures as low as 60 °C, resulting in the formation of an Au/AAO composite (2). Ex situ
etching of the template in acidic or alkaline solutions enables to release self-supporting Au tubules (3) (adapted from [236]).
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- {-—q,-- s
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Fig. 22. (a) Cross-section SEM micrograph of an as-prepared Au/AAO speci-
men displaying both the pore filling by Au NPs (brighter region) and the AAO
porous structure (darker area). (b) Enlarged view of the box demonstrated in (a)
(adapted from [236]).

200 nm

Fig. 23. Representative SEM image of self-supporting gold NTs obtained after
AAO membrane etching in an aqueous NaOH solution (adapted from [236]).

7. Concluding remarks and future outlook

This review was focused on functional nanocomposites based
on 11th group metal NPs (Cu, Ag and Au, guesr) in/on oxide
matrices (SiO3, TiO;, AlxO3, host). Although the tailoring of
elemental composition and size for NPs has been a key issue
over the last decade, their controlled assembly into hierarchi-

cally organized structures is nowadays an important tool to tune
the chemistry and physics of these systems. As a consequence,
the research activities dedicated to the development of bottom-up
strategies for tailoring the nano-units nucleation and their sub-
sequent spatial organization have enormously enriched. In this
context, our main aim was to present our recent results on Cu,
Ag and Au NPs-containing systems obtained by solution- and
vapor-phase routes, namely SG, RF-sputtering and their innova-
tive combinations. Both techniques represent versatile synthetic
approaches to metal NPs-based materials, since they typically
operate under non-equilibrium conditions, where nucleation is
predominant over the subsequent particle growth. While the
SG route is particularly suitable in obtaining metal NPs inside
an oxidic matrix by a single-step process, RF-sputtering is an
amenable approach for the deposition of metal clusters on the
outer surface of a given substrate (outside-cluster systems).
Moreover, if an as-prepared SG material is used as an active sup-
port for RF-sputtering depositions, the resulting hybrid prepa-
ration strategy presents inherent advantages for the production
of host—guest nanocomposites with peculiar features under soft
and controlled conditions. In this context, the RF-sputtering
technique can also be used for the dispersion of metal NPs
into suitable oxidic membranes provided with 1D channels,
where the particle assembly can lead to more complex orga-
nized structures (composite-containing or free-standing metal
NTs). A similar variety of systems, whose features can be con-
trolled at a nanometric level by a proper choice of experimental
parameters and ex situ annealing conditions (temperature, time,
atmosphere), is of great interest for the production of advanced
functional devices with prescribed performances.

With regard to the Cu-, Ag- and Au-based nanocomposites
discussed in the present review, one of the main points emerg-
ing from the presented results is related to the different reactivity
of metal NPs with their surroundings, i.e., with the host matrix
(inside-clusters) or the external atmosphere (outside-clusters).
In the case of all gold NPs-containing systems, only metallic Au
species were detected, pointing out to negligible interactions
of gold nanoclusters with the surrounding medium. In a dif-
ferent way, investigation on SG Ag/SiO, nanosystems revealed
the occurrence of some interactions between silver NPs and the
silica matrix, related to the presence of oxidized silver species
and to the formation of a silicate shell surrounding the nan-
oclusters. The reactivity of Ag NPs was also confirmed for
Ag/Si0; outside-cluster systems obtained by RF-sputtering, that
showed the presence of chemical species different from the sole
metallic silver, mainly attributed to carbonates or bicarbonates
arising from atmospheric exposure. As a general rule, lower sil-
ver particle sizes corresponded to more enhanced reactivity with
the surroundings. Finally, the production of SG copper—silica
nanocomposites almost free from oxide phases (CuyO, CuO)
required ex situ thermal treatments in reducing atmospheres
under adequate conditions. Even in this case, the formed copper
NPs cannot be considered as inert towards the silica matrix, as
demonstrated from the presence of oxide crowns surrounding
the particles themselves.

In conclusion, the extraordinary variety of structure and prop-
erties for M'/M, O, nanocomposites paves the way to further
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research developments. An attractive possibility is the synthesis
of supported bimetallic NPs, such as Au-Ag, paying special
attention to mechanisms leading to the alloy formation as a
function of the synthesis conditions and to the dependence of
the optical properties on the mutual content of the two metals.
In this context, further interesting developments might concern
the controlled assembly of Au—Ag NPs in 1D nanostructures
by the template approach proposed in this review. Specifically,
the control of the relative Au/Ag amount can provide an effec-
tive tool for a chemical modulation of the system properties.
To this aim, such bimetallic systems result interesting for the
investigation of catalytic performances and their interrelations
with the system properties, which in turn, strongly depend on
the processing parameters. Moreover, the derivatization of Au
NTs with molecular species such as SMMs might open inter-
esting perspectives for the development of advanced devices
for information storage and transmission. In this context, the
evaluation of the Au NTs magnetic properties, which might
significantly depend on the peculiar NTs size and shape, also
anticipates innovative functional applications. Undoubtedly, the
above-proposed examples represent only a part of the excit-
ing and fascinating possibilities concerning future trends on the
nanoengineering of nanomachines, clusters and functional struc-
tures, whose thorough exploitation might revolutionize many
current industrial processes and well-established technologies.
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