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Recent progress of colloidal chemistry in the synthesis of
multimaterial nanostructures incorporating transition-metal
oxides is reviewed. Attention is focused on the emerging
class of hybrid nanocrystals (HNCs), in which domains of dif-
ferent materials are interconnected through inorganic junc-
tions in defined spatial arrangements. The level of expertise
so far achieved in the preparation of single-material NCs
with finely tuned geometric parameters has been further ex-
tended into elegant “seeded growth" approaches for ac-
cessing elaborate HNCs by control of interfacial lattice strain

and surface energy in liquid media. Various topological con-
figurations are analyzed, including concentric core/shell
architectures, hetero-oligomers grouping spherical material
domains and more asymmetric hybrid nanostructures based
on rod-shaped sections. The chemical-physical properties
and technological advantages offered by such multifunc-
tional HNCs are also summarized.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Colloidal inorganic nanocrystals (NCs) represent one of
the most fertile grounds from which the current scientific
revolution of nanoscience and nanotechnology is substan-
tially being propelled.l'= They are relevant both to the fun-
damental understanding of the dimensionality-dependent
laws of nanosized matter and to the bottom-up develop-
ment of new functional materials, devices and processes
with unprecedented performances. Unlike any other classes
of materials, nanoscale transition-metal oxides have increas-
ingly emerged as an exclusive platform where diverse opto-
electronic, magnetic, thermal, mechanical, electrochemical
and catalytic properties can coexist with the potential for
low-cost and environmentally safe technologies.l>”] At the
nanoscale, unique effects such as surface- and strain-driven
lattice distortion, variation in electronic state density and
oxidation-induced charge redistribution systematically
evolve with size and jointly impact on the structural-me-
chanical stability, the magneto-optoelectronic response and
the chemical reactivity of nanostructured oxides.[*811]
These contributions attribute an exceptionally wide range
of properties, which cover almost all aspects of materials
science and solid-state physics, to oxide NCs. For these
reasons, these compounds have found numerous applica-
tions, for example as adsorbents for air/water purification
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and fuel treatments, in photovoltaic and photoelectro-
chemical devices, in gas sensing, in photocatalytic removal
of pollutants, in fuel cells, in the realization of advanced
ceramics, in self-cleaning, antifogging and antibacterial
functional coatings, and in biomedicine.[®7-12-17]

Among the various wet-chemistry approaches to nano-
structures, surfactant-assisted chemical approaches have
been especially distinguished for their capability to provide
finely size- and shape-tailored NCs of semiconductor, oxide
and metal materials by careful regulation of thermodynami-
cally and kinetically driven growth processes in liquid me-
dia.31 While refinement of this synthetic expertise is far
from being exhausted, further efforts are currently pursued
to fabricate novel NCs with a higher level of structural and
compositional complexity and, consequently, of function-
ality. In recent years, nanochemistry research has seen tre-
mendous advances with the solution-phase synthesis of first
generations of so-called hybrid nanocrystals (HNCs) with
a topologically controlled distribution of their composi-
tion. 18] These are structurally elaborated multimaterial
NCs, consisting of two or more chemically different mate-
rial sections interconnected through permanent inorganic
interfaces. The technological horizons that these HNCs can
potentially span are incredibly extensive. First, the fusion
of luminescent, magnetic and catalytic sections without
bridging molecules or embedding matrices yields individu-
ally processable particles in which different properties are
simultaneously available. This allows many fields of applica-
tion (e.g., biomedicine, environmental clean-up, catalysis,
sensing, composite material fabrication), which demand for
“smart” platforms able to accomplish multiple tasks (e.g.,
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possibility of parallel targeting, detection and therapy ac-
tion in living systems), to benefit from multifunctionality in
a straightforward way. Second, as a result of the electronic
contact that is established across adjacent material do-
mains, HNCs can display strongly modified or even unex-
pected physical-chemical responses, compared to those nor-
mally exhibited by the individual components. This suggests
that forming an intimate junction among different size- and
shape-controlled NC portions can be exploited as an ad-
ditional tool to engineer their performances. Third, in
HNCs, exchange coupling mechanisms among magnetic,
optical and electrical properties can be operative, allowing
for the investigation of novel spintronic phenomena stem-
ming from coupled effects in individual nanoheterostruc-
tures.

In this review, we will illustrate surfactant-assisted strate-
gies that have been recently devised to synthesize topologi-
cally controlled HNCs, keeping a focus on those which in-
corporate oxide materials. We will show how the ability to
prepare monomaterial NCs with finely tuned geometric pa-
rameters has been further extended into elegant “seeded
growth” approaches for accessing multimaterial HNCs by
controlling interfacial lattice strain and surface energy in
liquid media. Various topological configurations will be an-

alyzed, including centrosymmetric core/shell architectures,
hetero-oligomers grouping spherical material domains and
nonconcentric nanoheterostructures with high spatial
asymmetry based on anisotropically shaped material sec-
tions. The properties and technological advantages offered
by such newly conceived generations of complex nanocrys-
tals will also be summarized.

2. General Concepts in Surfactant-Assisted
Synthesis

2.1 Single-Material Nanocrystals

Colloidal NCs are synthesized in solution in the presence
of some stabilizing organic agents, broadly termed as sur-
factants. As extracted from their growing medium, NCs
typically comprise a crystalline core with the desired chemi-
cal composition, which is responsible for their inherent
chemical-physical properties, and a monolayer of tightly
bound capping molecules, which impart solubility and col-
loidal stability to the particles. The technological conve-
nience of colloidal NCs over traditional types of nanostruc-
tures resides in two aspects. First, their production can be
cheaply scaled up to milligram-to-gram quantities for many
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materials by using a relatively inexpensive equipment. Sec-
ond, they are surface accessible, which allows them to be
processed and implemented into disparate technologies.

Surfactant-assisted syntheses have largely proven to be
the most powerful wet-chemistry tools to tailor the size,
shape and composition of inorganic NCs.[>3-) Indeed, judi-
cious adjustment of a few experimental parameters, such as
the type and the relative concentration of molecular precur-
sors and organic stabilizers, in combination with tempera-
ture, transcribes into a control over a number of complex
phenomena occurring during crystal formation in liquid
media, including solution supersaturation, reactant dif-
fusion, relative stability of crystal polymorphs and crystal-
lographic-direction-dependent growth rates.>>3 The gene-
ral scheme of a colloidal synthesis involves reactions of or-
ganometallic precursors (that carry the atomic species nec-
essary to build the desired material) in the presence of spe-
cific surfactant molecules (e.g., alkylamines, thiols, carbox-
ylic and phosphonic acids, phosphanes, phosphane oxides,
etc). Once the synthesis is activated, highly reactive species
are generated, commonly referred to as the “monomers”,
which induce the nucleation of NCs and sustain their subse-
quent enlargement. The surfactants play several key roles
during the synthesis. Indeed, they form complexes with the
monomers, thereby tuning their reactivity, while they simul-
taneously participate in an adsorption/desorption dynamics
at the surface of the growing clusters, which prevents them
from aggregation and uncontrolled growth. Mechanistic
studies have shown that monodisperse NCs are produced
when a short burst of nucleation, that enables temporal sep-
aration of the nucleation and growth processes, is combined
with a diffusion-controlled growth process. Satisfactory tail-
oring of the NC size and size-distribution can be achieved
by balancing the relative depletion of monomers between
the nucleation and growth stages with the aid of suitable
techniques (e.g., the “hot injection™), by profiting from the
particular reactivity of the system (e.g.; “delayed nucle-
ation”) or by exploiting digestive ripening.>331 It is also
worth mentioning that surfactants can affect the specific
surface energy of the growing NCs, which has important
implications in the tuning of their shape.>* Indeed, facet-
preferential ligand adhesion can modify the relative growth
rates along the various crystallographic directions and/or
can favour the selective elimination of unstable surfaces by
triggering oriented attachment of particles. In the absence
of additional circumstances that can interrupt growth sym-
metry (e.g., formation of nonspherical soft micelle tem-
plates, the presence of foreign particle catalysts or the appli-
cation of external electric or magnetic fields), surfactants
remain mostly responsible for the formation of NCs in a
variety of anisotropic shapes, such as cubes, polyhedrons,
rods, wires, polypods and rings.[

2.2 Multimaterial Hybrid Nanocrystals

The most recent developments of colloidal techniques in-
volve elegant extensions of the above-mentioned surfactant-
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assisted strategies to the fabrication of more elaborate hy-
brid nanocrystals (HNCs). The most widely exploited solu-
tion-based techniques for the synthesis of HNCs rely on a
simple principle of the Classical Nucleation Theory (CNT),
according to which the activation energy for the enlarge-
ment of pre-existing particles in a solution (i.e., hetero-
geneous nucleation/growth) is considerably lower than the
barrier for the generation of novel nuclei (i.e., homogeneous
nucleation).l"”2"1 This concept has been exploited in a sim-
ple and general reaction scheme, which is referred to as
“seeded growth”. In this scheme, preformed NCs of one
material (i.e., the “seeds”) are already present or are intro-
duced into a solution environment containing the molecular
precursors that are necessary to build a second different
material. Under suitable reaction conditions, the latter can
preferentially deposit and grow onto the seeds, rather than
nucleating homogenously. Despite the apparent simplicity
of this strategy, the preparation of HNCs in liquid media
requires an exceptionally higher degree of synthetic expert-
ise. In fact, the CNT takes into account neither growth con-
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Scheme 1. Comparative sketches illustrating heterogeneous growth
modes accomplished by: MBE/CVD techniques (a—c); “seeded
growth” approaches in the solution phase (d-f).
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straints related to lattice incompatibility nor changes in the
liquid/solid interface tension induced by adhesion of surfac-
tants to the growing clusters. Therefore, in the preparation
of nanoheterostructures comprising structurally dissimilar
materials, the thermodynamic and kinetic processes, which
influence the size and shape of the individual domains, are
further complicated by material miscibility, interfacial
strain and facet-dependent chemical reactivity. In order to
understand such a complex growth dynamics, it is helpful
to consider that the creation of hybrid NC-based architec-
tures by seeded growth in the solution phase is closely anal-
ogous to the more traditional heteroepitaxial deposition
processes accomplished by the Molecular Beam Epitaxy
(MBE) and Chemical Vapour Deposition (CVD) tech-
niques, which have been widely exploited for the fabrication
of semiconductor and magnetic heterostructured systems
(e.g., sandwiched multilayer structures, quantum dots or
quantum wells) starting from gaseous precursors.?!~23 In-
deed, the way in which two materials attain an inorganic
heterointerface is ultimately related to the fulfilment of the
same fundamental energy requirements. This parallelism is
illustrated in Scheme 1. Consider a material substrate with
a well-defined crystallographic orientation (referred to as
“1” in the scheme), onto which a second material (labelled
as “27) is allowed to grow. The change in the total surface
energy, Ay, that accompanies the overall deposition process
is given by Equation (1):

Ay =0, - (02 + 712) (D

where ¢, and o, are the surface energies of the respective
materials, and y,, is the solid-solid interfacial energy,
which is mostly related to the mismatch-induced strain be-
tween the two lattices. The growth mode that will be
adopted in a given system will depend on the balance be-
tween these terms. When the material to be added is charac-
terized by a lower surface energy (g, <o) and good lattice
fit (i.e., 1 is low) with respect to the substrate, such that
Ay>0, then the deposition can proceed layer-by-layer to-
ward a uniform coverage (Scheme la: Frank—van der Merwe
mode). When the foreign material possesses a high surface
energy (g, <o) and/or it is significantly lattice-mismatched
(i.e., 12 is high), such that Ay <0, then its deposition can
take place only by the formation of island-like features
(Scheme 1b: Volmer—Weber mode). An additional possibil-
ity includes a mixed deposition regime, in which growth ini-
tially occurs layer-by-layer and then continues by producing
islands in response to a sudden increase in interfacial strain
along the course of the deposition (Scheme lc: Stranski—
Krastanov mode). All of these growth regimes can be
equally transcribed to the context of a seeded growth of
HNCs, whereby the initial nanocrystal seeds act as the sub-
strate for deposition of a foreign material in the solution
phase. For instance, if the conditions for complete wetting
were satisfied either for any one of the facets exposed by a
starting seed or selectively for only one or a few of them,
the resulting HNCs could assume an onion-like or a dimer-/
oligomer-like configuration, respectively (Scheme 1d). On
the other hand, under an incomplete wetting regime, HNCs
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for which one or more sufficiently extended facets of the
original seeds are decorated with multiple domains of the
new material (Scheme le) could originate. As an intermedi-
ate case, transitions from metastable onion-like type archi-
tectures to phase-segregated nonconcentric heterostructures
could be expected as a convenient means of lowering the
interfacial strain (Scheme 1f).

It deserves emphasis that the creation of nanoscale het-
erointerfaces in colloidal solutions can benefit from the
possibility of modulating the solution/solid interfacial ten-
sion (i.e., o; and g,) by means of organic surfactants, an
opportunity that is prohibited to MBE/CVD techniques.
Indeed, the outstanding results that have been so far re-
ported have highlighted that HNCs made of a given combi-
nation of structurally dissimilar materials can be accessed
in more than one topological arrangement, whereby the
interface energy term is properly balanced by the surface
energy contributions. Moreover, in the liquid-phase synthe-
sis, the growth of HNCs can be accompanied by unexpected
or unusual mechanisms (not fully understood yet) through
which misfit-induced interfacial strain can be accommo-
dated (e.g., by local curving of near-interface junction
planes) or compensated for (e.g., by a decrease in the total
surface energy due to solvent or surfactant binding, or by
elimination of unstable facets due to interface formation).
This may lead to heteroepitaxial interfaces with low defect
density, which is of paramount importance when aiming
at reproducible properties and enhanced exchange coupling
effects.4

3. Heterostructures in Centrosymmetric Core-
Shell Configuration

The most common topology in which oxide-based HNCs
have been reported is the so-called core@shell geometry, in
which a NC is uniformly enveloped by a layer of another
material, which usually reproduces the symmetry of the in-
ner core. As a general advantage, associations of various
semiconductors, metals and oxides in onion-like configura-
tions often exhibit distinct behaviour as compared to that
inherent to the individual components, such as tunable op-
tical and magnetic properties or enhanced catalytic activity,
depending on the specific combination.

Core@shell HNCs with epitaxially fused core and shell
sections can form when the materials involved have similar
crystal structure and lattice parameters (with differences of
the order of 1-3%), so that the overall structure experiences
negligible strain as long as the coating thickness is small
enough. Nevertheless, when the synthesis conditions allow
the interfacial energy to be somewhat counterbalanced by
a proportional decrease in surface energy [see Equation (1)],
then the requirements of lattice compatibility can be fairly
less restrictive.

Colloidal strategies for accessing core@shell HNCs have
proliferated in the last decade. They can be classified into
three main typologies, all of which can be regarded as vari-
ants of the general seeded growth scheme: (a) direct hetero-
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Scheme 2. Sketch of mechanisms leading to the formation of core@shell HNCs: (a) direct heterogeneous nucleation and growth of the
shell material onto preformed nanocrystal cores; (b) shell growth after chemical activation of the core surface; (c) sacrificial redox
replacement of the core surface followed by vacancy coalescence; and (d) self-controlled nucleation growth.

geneous nucleation and growth of the shell material onto
preformed nanocrystal cores; (b) shell growth after chemi-
cal activation of the core surface; (c) sacrificial redox re-
placement of the core surface; and (d) one-pot approaches
by self-controlled nucleation growth. These mechanisms are
sketched in Scheme 2a-d.

3.1 Direct Heterogeneous Nucleation and Growth of the
Shell

Disparate classes of core@shell structures have been ob-
tained by selective heterogeneous nucleation and growth of
a layer of a second material on preformed nanocrystal seeds
(Scheme 2, path a). Strategies for achieving this goal aim at
circumventing parasitic homogeneous nucleation of the
shell material by performing a slow addition of the relevant
molecular precursors to the cores under mild temperatures
and/or by delicately controlling the reactivity of the system
by ligands. A representative transmission electron micro-
scopy (TEM) image gallery of core@shell HNCs obtained
by this mechanism is reported in Figure 1.

Metal@oxide HNCs, where the core is made of either Au
or Ag and the shell is composed of TiO,, ZrO, or SnO,,
have been grown in mixed organic/aqueous media by com-
bining a metal salt reduction with sol-gel reactions for ox-
ide network formation. The general two-step procedure in-
volves accomplishing hydrolysis-condensation of transition-
metal-alkoxide precursors in the presence of surfactant-
capped metal NCs, provided by an independent synthesis.
In this way, shells with either a smooth!?> or a flower-like
morphology?®27! are obtained (see, for example, Figure 1a—
b). Except for the case in which a harsh hydrothermal treat-
ment is applied during oxide formation, all the aforemen-
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tioned routes typically yield amorphous coatings, which
often exhibit discontinuities, nanoporosity and/or even
inner cavities. Profiting from the chemical accessibility of
their inner cores, these metal@oxide HNCs have been ex-
ploited as catalytically active nanoreactors,’*’! as efficient
electronic capacitors,”®! as well as sacrificial templates for
the creation of hollow oxide capsules upon selective metal
oxidation.[?®-3% In addition, these systems reveal shell-tune-
able surface plasmon absorption and interesting nonlinear
optical properties with a high laser damage threshold.[>>-28!

Another class of core@shell structures that have been ob-
tained by this scheme is represented by oxide@metal
HNCs, which normally combine ZnO or TiO, with Au, Ag,
Pt or Cu. Typical preparations start from an alcohol
suspension of weakly organic-passivated oxide NCs on
which either chemical®'34 or oxide-photocatalyzed re-
duction®3 of the desired metal precursors is ac-
complished. Depending on the specific experimental condi-
tions used, the deposition process can achieve various de-
grees of surface coverage, leading to oxide NCs decorated
with small island-like metal patches or entirely coated by a
shell of irregular thickness. The pronounced light sensitivity
of such noble metal nanostructures has been verified in la-
ser irradiation experiments, during which initially well-sepa-
rated oxide@metal HNCs undergo photoinduced fusion
into larger composite structures, each comprising multiple
oxide domains embedded in a metal matrix.[331 Although
detailed information on the shell structure has not been
provided for such nanostructures, the attainment of a semi-
conductor/metal nanojunction has been proven to have a
remarkable impact on the applications of these HNCs in
solar energy harvesting. Indeed, under bandgap photoexci-
tation of the semiconductor section, the metal component
841
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Figure 1. Examples of core@shell HNCs synthesized by direct
heterogeneous nucleation and growth of the shell material onto pre-
formed nanocrystal cores. Low-magnification transmission electron
microscopy (TEM) images of: (a) Au@TiO, nanoreactors with in-
ner vacant space (reproduced in part from ref.[>”] with permission,
copyright Wiley-VCH Verlag GmbH & Co. KGaA); (b) Ag@TiO,
HNCs (reproduced in part from ref[>>! with permission, copyright
2006 American Chemical Society); (c—e) Fe-oxide@Au HNCs (e)
obtained by thermally induced coalescence of Au NCs (d) onto Fe-
oxide seeds (c) (reproduced in part from ref.[*) with permission,
copyright 2007 American Chemical Society); (f) Au@Fe;O04 HNCs
(reproduced in part from ref.[*3 with permission, copyright 2006
American Chemical Society); (g) Pt@Fe;04 HNCs (reproduced in
part from ref.*3] with permission, copyright IOP Publishing).

acts as a sink for the photogenerated electrons, thereby cir-
cumventing their recombination with holes. The altered car-
rier separation dynamics in such HNCs can be advan-
tageously manipulated in order to benefit from either
higher photocatalytic reaction yields or enhanced charge
storage capability under equilibration of the Fermi levels of
two materials, as well as modulate the metal surface plas-
mon absorption.[31-36]

A few attempts to form core@shell associations of two
semiconductors have been also reported. They involve the
coupling of ZnO with CdSe or CdS.37-38 These HNCs are
appealing candidates for photovoltaic and photocatalytic
applications, since relative band edge staggering of the com-
ponent materials is such that the cadmium chalcogenide
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works as a sensitizer for the oxide in the visible range. One
example is represented by ZnO nanorods decorated with
irregularly shaped crystalline CdS domains that have been
grown by ultrasonication of aqueous suspensions contain-
ing oxide seeds, CdCl, and thiourea.’”! This method en-
ables only a rather limited control over the heterostructure
topology, as CdS nucleation is not site-specific. Although
neither mechanistic aspects nor the involved epitaxial rela-
tionships have been clarified, the superior transport and
gas-sensing properties of these ZnO@CdS HNCs relative
those of ZnO alone suggest that good electronic connection
should exist between the two materials. These findings are
likely to encourage the design and fabrication of high-per-
formance optoelectronic devices based on colloidal semi-
conductor oxide nanoheterostructures.*”!

A reversed configuration has been claimed with the syn-
thesis of CdSe@ZnO HNCs through an approach that
somewhat resembles a phase-transfer procedure.*¥! Highly
hydrophobic, surfactant-capped CdSe seed NCs (which are
soluble in nonpolar media) are mixed with an alcohol solu-
tion of zinc acetate under ultrasonication, which favours
detachment of the native ligands and subsequent adsorp-
tion of the zinc monomer species. This surface-activating
process of the CdSe seeds is found to be critical to guaran-
tee the growth of a ZnO layer upon hydrolysis of the precur-
sor. Since acetate moieties now protrude out of the ZnO
shell into the solution, the ZnO-coated CdSe cores are ulti-
mately rendered dispersible in the polar alcohol medium.[38
As an indirect proof for the formation of a core@shell
structure, an increase in the photoluminescence quantum
yield of CdSe has been reported; however, no further struc-
tural confirmations have been supplemented.

Another interesting category of bifunctional HNCs is
represented by core@shell nanostructures in which a layer
of a noble metal, such as Au or Ag, surrounds a magnetic
interior made of iron or iron oxide.’* %’ A key advantage
of these Fe/Fe-oxide@metal HNCs resides in the associa-
tion of a biocompatible core, which is potentially useful as
an MRI (magnetic resonance imaging) contrast agent or
is exploitable in magnetically driven separations, with an
optically active surface that is easy to functionalize. Several
routes to Fe-oxide@metal HNCs have been devised, as
summarized in the following discussion.

In one approach, organic-capped Fe;O4 NCs, prepared
nonhydrolytically, act as substrates for the alkyldiol re-
duction of gold acetate in the presence of oleic acid (OLAC)
and oleylamine (OLAM) at ca. 180 °C.1*1 A high tempera-
ture is needed to regulate the adsorption/desorption dynam-
ics of the surfactant on the Fe;O,4 surface of the seeds, so
as to render them accessible to the reactive gold species. An
appealing variant of this procedure relies on the thermally
induced fusion of presynthesized OLAC/OLAM-capped
Fe;0,4 and thiol-capped tiny Au NCs codissolved in toluene
in the presence of an ammonium bromide salt.[*] During
the heating of this mixture at 150 °C in a closed vessel, the
less stable Au NCs selectively attach to the Fe;04 NCs and
coalesce, forming a uniform metal coverage on such seeds
(Figure 1c—e). This evolution can be rationalized by con-
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sidering that the fusion of such tiny Au clusters can reduce
the overall surface energy of the heteroparticle system. Both
of the aforementioned routes have been demonstrated to
lead to rather monodisperse Fe;O4,@Au HNCs, which,
however have been characterized mainly in-ensemble rather
than individually. The attained core@shell configuration
has been indirectly assessed by comparing elemental analy-
sis data for as-prepared HNCs and for HNC thin films de-
posited on glass substrates by gold-selective dithiol-medi-
ated assembly.3%-4%

Room-temperature aqueous syntheses have been also re-
ported, although the quality of the resulting nanostructures
in terms of size distribution and control over the degree of
aggregation is inferior. Water-soluble y-Fe,O;@Au HNCs
have been obtained by hydroxylamine reduction of a gold
salt in aqueous tetrabutylammonium-stabilized suspensions
of oxide NCs.*!l In another approach to Fe;0,@Ag HNCs,
water-in-oil microemulsion droplets have been used to con-
fine the reaction of silver nitrate with borohydride in the
presence of suspended Fe;O, NCs.[*?l In both cases, the
seeds are only weakly surface-passivated, so that the deposi-
tion of a rather thick shell can occur under mild conditions.
Occasionally, structures made of multiple cores embedded
within a single shell matrix have been detected. 04!

Fe-oxide@metal HNCs exhibit the characteristic surface
plasmon absorption of nanosized Au/Ag that correlates
with the shell thickness?*#! As for their magnetic proper-
ties, lower blocking temperatures and higher coercive fields
have been measured relative to those found for the corre-
sponding Fe;O,4 cores, which has been explained by a de-
creased coupling of the particle magnetic moments due to
the screening effect of the metal shell. Notably, the versatile
surface chemistry of gold and the magnetism of iron oxide
have paved the way to prototypical biological applications
of these hybrid nanostructures after water transfer and shell
functionalization with proteins, such as in bioassays and
magnetic-field-assisted separation.[*”) The potential of
Fe;O04,@Ag HNCs as recyclable antibacterial agents has
also been proven.[*?!

A set of inverted metal@Fe-oxide HNCs has also been
devised by heterogeneous nucleation/growth seeded ap-
proaches.[*>+31 Monodisperse Au@Fe;O0, HNCs with either
spherical or cube-like shells and good epitaxial connection
between the two materials (see, for example, Figure 1f) have
been synthesized by a two-stage strategy relying on the ther-
mal decomposition of Fe(CO)s at 200-300 °C in alkyl ether
solvents in the presence of small Au seeds and OLAC/
OLAM surfactants.*3 These heterostructures are charac-
terized by a pronounced red-shift of the Au plasmon reso-
nance due to dielectric coating effects and by an increased
magnetic coercitivity due to extra surface anisotropy, both
of which clearly manifest interactions between the two ma-
terials. By using a growing environment analogous to that
described above, highly regular Pt@y-Fe,O; HNCs have
been obtained by one-pot sequential synthesis in an OLAC/
OLAM/octyl ether mixture at 290 °C, in which Pt NCs are
first nucleated in-situ upon alkyldiol reduction of platinum
acetylacetonate and subsequently combined with the iron
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precursor for shell growth.¥ The relative geometric
parameters of the HNCs are easily engineered by adjusting
the relative reactant concentration ratio (Figure 1f). The
Pt@y-Fe,O3; HNCs have been converted by a high-tempera-
ture solid-state reaction under a H,/Ar atmosphere into
bimagnetic Fe Pt, . @Fe heterostructures possessing ex-
change-coupled soft and hard phases as well as high coer-
citivity, which are appealing features from the perspective
of building permanent hard magnets and data storage
media. )

Bimagnetic FePt@MFe,O, HNCs (where M = Fe, Co)
with a coherent core/shell interface have also been accessed
directly by a two-step, surfactant-assisted solution synthe-
sis.4647 In the reported procedure, Fe, Pt,_, seeds, obtained
by simultaneous platinum(II) acetylacetonate reduction and
iron carbonyl decomposition, are covered with MFe,O4
upon co-decomposition of cobalt and iron acetylacetonate
in suitable proportions in the presence of OLAC and
OLAM stabilizers. The relevant magnetic data indicate that
effective exchange interactions are established between the
hard FePt and the soft MFe,O,4 phases, whose relative pro-
portions dictate the overall coercitivity. Therefore, the
chemical engineering of the geometric parameters of these
HNCs allows their magnetic properties to be finely tuned
for tailored applications.

By using a slight modification of the above-reported pro-
cedures for Fe-oxide shell growth, other material combina-
tions have been accessed by seeded techniques.*4°1 For ex-
ample, biocompatible Me@Fe,O3; HNCs (where Me = Co
or SmCos,) have been conjugated by robust dopamine
bridging to nitrilotriacetic acid, which possesses high speci-
ficity for separating histidine-tagged proteins.[*8] CoFe,O,4
NCs have been used as seed substrates to be coated with a
Fe;0, layer; however, the product has been demonstrated
to be CoFe@Fe;0, HNCs.*?! Although their formation
mechanism has not been clarified, this work offers an accu-
rate description of a step-by-step methodology to achieve
in-depth structural and compositional information on
core@shell nanostructures, which becomes an undoubtedly
challenging task when the shell is either polycrystalline or
shares an incoherent or lattice-mismatched interface with
the core.

3.2 Shell Growth on Molecule-Functionalized Seeds

A number of procedures that involve an intermediate
“priming” step have been devised to encapsulate NCs of a
variety of materials and metal oxide particles with a SiO,
or ZrO, shell.¥-73] This activation consists of selecting ap-
propriate functional molecules, such as organosilicon or or-
ganozirconium compounds that can bind to the surface of
NC seeds by means of their functional moiety (e.g., an
amine, carboxyl or thiol group) while exposing their alk-
oxide groups. The latter are hydrolyzed, forming a primary
polymerization layer from which a metal oxide network is
progressively built upon sequential hydrolysis-condensation
reactions with metal alkoxide monomers (Scheme 2, path
843
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b). The procedure for growing a silica shell, on the basis of
the so-called Stober method, has been widely investi-
gated.l%?! It consists of three steps, which include surface
activation for silanization with a silane coupling agent (such
as 3-aminopropyltrimethoxysilane), initial silica deposition
with sodium silicate in aqueous solution and extensive
growth of the silica shell with a silicon alkoxide, such as
tetracthoxysilane, in an alcohol medium. Several improve-
ments and/or simplifications of this general scheme (e.g., by
the use of alternative coupling agents, such as polymers or
gelatine, or by exploitation of micelle reactors) can be found
in the literature.52-57-61-721 The outer shell surface can itself
be provided with additional chemical moieties, serving as a
platform for implanting functionalities which would other-
wise be hard to anchor onto as-synthesized NCs. Due to
the amorphous nature and porous structure which charac-
terize this type of oxide coatings, their deposition does not
cause accumulation of significant strain within the global
hybrid particle, so that remarkably greater thicknesses can
be obtained relative to those normally achievable for crys-
talline shells. A representative TEM image gallery of
core@shell HNCs obtained by this mechanism is displayed
in Figure 2.

Figure 2. Examples of core@shell HNCs synthesized by chemically
activating the surface of seed cores for silica shell growth. Low-
magnification transmission electron microscopy (TEM) images of:
(a, b) FePt@SiO, HNCs (reproduced in part from ref.”"! with per-
mission, copyright 2006 American Chemical Society); (¢, d) Au
nanorod@SiO, HNCs (reproduced in part from ref.[®”l with per-
mission, copyright 2006 American Chemical Society); (e, f)
Au@SiO, HNCs (reproduced in part from ref.[%3] with permission,
copyright 1996 American Chemical Society).
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So far, NC encapsulation with oxides has enabled reach-
ing disparate objectives. Upon SiO, coating, high-quality
semiconductor NCs (e.g., CdSe, CdSe@ZnS, CdTe, PbSe),
which are usually synthesized in organic media and are
therefore hydrophobic, have been made soluble and stable
in water or buffered solutions, becoming protected against
photoinduced degradation while retaining their appealing
fluorescence properties.’>-371 Tailoring of the shell surface
chemistry has allowed for control of interactions of these
NCs with biological environments and their exploitation in
optical imaging and/or in the development of detection
techniques.l®! Noble metal@SiO, HNCs (see, for example,
Figure 2c—f) represent another interesting family of func-
tional nanosized building blocks, for which the shell has
been added not only to aid dispersion in various media, but
also to modify the surface plasmon oscillations of the
metal, while guaranteeing their photostability.l®> 72l These
robust nanostructures provide a contiguous framework for
creating a variety of space-filling nanostructures (such as
inverse lattices, opals and photonic crystals) and can also
act as nanoreactors, whereby reactants can diffuse through
the shell, causing modification of the electron density of
the cores or its dissolution. These achievements hold clear
promise for addressing new catalytic and sensing applica-
tions.[57’61’62’65’72]

Magnetic NCs (such as of Fe-oxide, FePt, Co) have been
surface-modified with a SiO, coating (see, for example, Fig-
ure 2a-b), which does not depress their magnetic properties
and preserves them from coalescing upon high-temperature
processing.[36-68-70.72-741 Moreover, the silica shell effectively
prevents toxic heavy metals from being released to the ex-
ternal environment, which is an especially important
requirement for these nanomaterials to be practically ex-
ploited in biological environments. Consequently, these
magnetic@SiO, structures, conjugated with suitable recep-
tor molecules, have been proposed as smart platforms that
are able to accomplish multiple tasks, such as specific cell
targeting and sorting, and imaging.

Complex three-component systems have been recently
synthesized by combined approaches.’*7374 For example,
a reverse microemulsion method has been exploited to syn-
thesize fluorescent, magnetic SiO, spheres embodying
Fe;0, particles and CdTe quantum dots, whose utility has
been demonstrated in immunofluorescence assays.[’4]
Furthermore, multilayered nanostructures have been fabri-
cated: they consist of a magnetic Fe-oxide core surrounded
by a thick silica shell, the latter being further covered with
an outer layer of gold. They display strong visible and near-
infrared resonance absorption and can be manipulated by
using an external magnetic field, two appealing characteris-
tics that hold promise in biomedical applications.!”3!

Finally, a case of ZrO, coating accomplished by a pro-
cedure analogous to that used for silica shell growth pro-
cesses, is worth mentioning.””! In the reported work, a
priming of Ag NCs with mercaptobenzoic acid has been
utilized to enable the subsequent reaction with zirconyl
chloride, thereby initiating the formation of a ZrO, shell.
The resulting Ag@ZrO, HNCs can incorporate metal ions
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through the permeable oxide, which can be indirectly
probed by monitoring the corresponding changes in the
surface plasmon resonance of Ag. This finding anticipates
a possible use of these materials in ion sensing.

3.3 Shell Formation by Partial Core Oxidation Followed by
Vacancy Coalescence

Another viable mechanism towards core@shell struc-
tures relies on the sacrificial conversion of the outermost
exposed layers of a starting NC core into a different mate-
rial by a redox replacement reaction (Scheme 2, path c). In
this regard, many transition-metal NCs are potentially use-
ful substrates to investigate, since they are easily oxidized
when exposed to air, solvated oxygen species or other oxid-
izing reagents, which leads to the formation of a metal ox-
ide shell at their surface.’® 8% This peculiar reactivity has
been largely exploited to create core@shell structures where
the mean oxidation state of metal atoms located in the core
section is different from that of metal atoms located in the
shell section.

It has been found that organic-capped Co NCs exhibit
such a high susceptibility to oxidation that a polycrystalline
CoO contamination layer can be detected even in samples
synthesized by organometallic routes and entirely manipu-
lated under standard air-free techniques. Deliberate and
controlled bubbling of oxygen or simple exposure to air of
a solution of Co NCs has been used to cause the formation
and progressive extension of a CoO shell, until full particle
oxidation is eventually obtained.[’®77 Interestingly, the di-
rect communication between the ferromagnetic (FM) Co
cubic phase and the antiferromagnetic (AFM) CoO in these
Co@CoO HNCs gives rise to the peculiar phenomenon of
exchange bias.l’6-77-83-84 This effect, observable at tempera-
tures lying between the Néel and the Curie temperature, is
due to enhanced unidirectional exchange anisotropy in-
duced by the spin coupling at the FM/AFM interface. It is
experimentally manifested by a shift in the hysteresis loops
along the direction of the field axis and by a difference in
the absolute value of the coercivity with either increasing
or decreasing field upon field cooling. In Co@CoO HNCs,
exchange bias becomes detectable when a minimum CoO
shell thickness is reached, the consequence of which is to
enhance the magnetocrystalline anisotropy of Co cores and,
in turn, the thermal stability of their magnetic moments.
For these reasons, FM/AFM heterostructured systems have
been proposed as a potential means to beat the so-called
intrinsic “superparamagnetic limit” of nanosized ferromag-
nets, as well as ideal candidates for high-density magnetic
and writing recording media based on spin-valve architec-
tures. 24831

Several other types of core@shell HNCs have been simi-
larly obtained by room-temperature air exposure of the re-
spective core seeds. Inverted AFM/ferrimagnetic(FiM)
MnO@Mn;0, HNCs have been synthesized by creating a
Mn;0, passivating shell on MnO NCs obtained by OLAM-
assisted thermal decomposition of manganese acetylace-

Eur. J. Inorg. Chem. 2008, 837-854

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

tonate in the presence of an alkanediol under an inert atmo-
sphere.[”l Exchange bias has been verified in these all-oxide
heterostructures and systematically quantified as a function
of the AFM phase volume in terms of the hysteresis loop
shift and the increase in coercivity. This study highlights the
fact that the engineering of magnetic anisotropy is indeed
possible by means of the AFM/FiM interface in core@shell
HNC:s by accurately tailoring the size of both core and shell
portions in order to achieve the desired magnetic response.
Monodisperse crystalline Ni@NiO HNCs!’® and amorph-
ous Fe@Fe-oxide nanoparticlest® have also been derived
from room-temperature oxidation of triphosphane oxide-
(TOPO)-capped Ni seeds and OLAM-capped Fe seeds,
respectively, which have been provided by established orga-
nometallic routes. These superparamagnetic HNCs are po-
tentially appealing in the biomedical field for in-vivo and
in-vitro applications such as biomedical separations, mag-
netic resonance imaging (MRI), contrast enhancement,
magnetic-filed-assisted drug delivery and hyperthermal
treatment of cancer cells. Promising results in this direction
have already been reported for the aforementioned
Ni@NiO HNCs, whereby the NiO surface has enabled se-
lective binding of histidine-tagged proteins and their mag-
netically assisted recovery.[’®]

More recently, sophisticated yolk-shell HNCs have been
obtained through a mechanism similar to the so-called
“Kirkendall effect”, an atomic diffusion process that takes
place through vacancy exchange rather than by direct inter-
change of atoms.’®37] It has been understood that, in a
spherical object made of a fast-diffusing core material and
an outer layer or reservoir of a slower-diffusing material
(e.g., a metal particle that has been surface-passivated with
an oxide layer), a net outward transport of matter from the
core, and hence a formation of voids, may occur. Under
sufficient supply of thermal energy, a huge fraction of the
vacancies can ultimately coalesce into a single large void
(Scheme 2, path c¢). This phenomenon has been first verified
for reactions of colloidal Co NCs with O,, sulfur and sele-
nium at moderate temperatures, upon which hollow CoO,
CoSe or CosS,; NCs have been formed as the result of a
faster outward diffusion of Co cations.!®®-8% Refined manip-
ulation of the Kirkendall effect in colloidal systems has led
to further increase in topological complexity with the syn-
thesis of Pt@CoOB® and Fe@Fe;0,4 yolk-shell®-821 HNCs
in which a void space separates the core from the shell.
The former HNCs have indeed been obtained by O,-driven
oxidation of Pt@Co core@shell HNCs in a trioctylphos-
phane/OLAM/OLAC mixture, in which surface oxidation
and vacancy diffusion selectively involves the Co shell por-
tion only. The internal structure of the yolk-shell Pt@CoO
HNCs has been additionally assessed by detection of the
intact catalytic activity of Pt, confirming that reactants can
diffuse through grain boundaries of the CoO shell and
reach the surface of the inner metal core.®®¥ Similar ad-
vances toward combined morphological and compositional
control have been demonstrated in the temperature-con-
trolled oxidation of monodisperse amorphous Fe nanopar-
ticles by means of either O,/Ar or trimethylamine N-oxide
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in octadecene/OLAM solution.®9-821 By these approaches,
it has been possible to capture the particle system in dif-
ferent stages of its evolution from the amorphous
Fe@Fe-oxide core@shell to the Fe@Fe;0, yolk-shell nano-
structures and finally to the crystalline hollow Fe;Oy4
spheres, as illustrated in Figure 3. This findings greatly
deepen the understanding of inward/outward diffusion
properties that can be induced in colloidal nanoparticles,
suggesting useful routes to manipulate them and achieve
improved synthesis design.[®”]
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Figure 3. Evolution of core@shell Fe@Fe;04 HNCs by partial oxi-
dation of Fe core seeds followed by vacancy coalescence under ex-
posure to dry 20% oxygen. Low-magnification transmission elec-
tron microscopy (TEM) images of the samples grown for: (a)
<1 min at room temperature; (b) 1 h at 80 °C; (c) 12 h at 80 °C;
(d) Smin at 150 °C; (e) 1 h at 150 °C; (f) 1 h at 350 °C on a sub-
strate. High-resolution TEM images (g, h) of partially or fully oxid-
ized Fe nanoparticles (reproduced in part from ref.®? with per-
mission, copyright 2007 American Chemical Society).

3.4 One-Pot Approaches by Self-Controlled Nucleation
Growth

There have also been successful efforts to synthesize
core@shell HNCs by one-pot approaches, in which all nec-
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essary ingredients for material formation are simultaneously
present in the same growing solution. The experimental
procedure is simplified since no separate seed preparation is
required. Appropriate choice of surfactants combined with
temperature modulation may set conditions under which
the relative reactivities of the material precursors are bal-
anced in such a way that: (a) two different materials are
generated separately in time; and (b) the shell material is
produced exclusively upon heterogeneous nucleation
(Scheme 2, path d). The search for such “smart” colloidal
systems, in which the nucleation growth of the core and
the shell coating stage are self-regulated, has, however, been
extremely challenging up to this date. Actually, only a few
cases are available in the literature. For example,
metal@oxide HNCs (where Me = Ag or Au, and oxide =
TiO, or ZrO») have been derived by heating a mixture of a
titanium or zirconium alkoxide at reflux with the desired
noble metal salt in a dimethylformamide/water mix-
ture.[’*23 Thermal activation of dimethylformamide-driven
reduction initially leads to a fast in-situ nucleation of metal
seeds, which are subsequently passivated by a thin amorph-
ous oxide shell upon slower hydrolysis-condensation reac-
tions of the alkoxide in the presence of a chelating/stabiliz-
ing agent. An important property of Ag@TiO, HNCs is
their ability to accumulate electrons within the Ag core
upon TiO, photoexcitation, which opens up the possibility
of utilizing such charge to affect the metal surface plasmon
resonance or to accomplish mild reductive reactions.l*>°3!

Another example that better illustrates the concept of the
self-controlled nucleation/growth mechanism is provided by
the circumstances under which Cr@y-Fe,O; HNCs are
formed."®* These nanostructures have been synthesized by
thermal co-reaction of Cr(CO)s and Fe(CO)s, which de-
compose at different rates in mesitylene in the presence of
a polymer surfactant. The compositional distribution of the
two metal species in the core@shell HNCs has been ex-
plained by assuming an initial Fe-cluster-catalyzed forma-
tion of the Cr cores, followed by the deposition of a Fe shell
and its subsequent oxidation.

4. Noncentrosymmetric Oligomer-Like
Architectures

Recently, encouraging advances toward increasingly
complex architectures have been made with the develop-
ment of spatially asymmetric HNCs that embody well-seg-
regated size- and shape-controlled sections of chemically
and structurally dissimilar materials into one continuous,
all-inorganic hybrid particle. Such nanoheterostructures are
distinguished by the fact that the component domains are
interconnected by junction regions with limited extension,
so that an oligomer-like (nonconcentric) topology is con-
ferred to the overall object. Thus, the elaboration of such
types of noncentrosymmetric HNCs is closely analogous to
the synthesis of increasingly larger organic molecules bear-
ing a number of functional groups. With respect to the
core@shell arrangement, in which only the outer shell sur-
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face is chemically accessible, this topological configuration
has a twofold advantage. First, it naturally offers multifunc-
tionality, because of the coexistence of the properties in-
herent to each material unit; and second, it provides a diver-
sified surface platform suitable for implanting a spatially
segregated distribution of functional moieties onto a single
particle.

In seeded growth syntheses of NCs, several circum-
stances can concur to bypass the core@shell-type growth
regime, leading to HNCs that have a nonconcentric ar-
rangement of their component domains. This will depend
on the ultimate surface energy balance accounted for by
Equation (1), as discussed earlier. For example, in the at-
tempt to combine materials that are structurally quite un-
correlated, they could tend to minimize the interfacial
strain by reducing the contact area between the respective
domains with a proportionally smaller cost of additional
surface energy.’>% On the other hand, a small inorganic
junction could form as a means of compensating for the
high surface energy values, which would otherwise charac-
terize separate homoparticles of the respective materials, for
example, in the case of ineffective organic ligand passiv-
ation.P”1%9 Other growth conditions leading to noncentro-
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symmetric HNCs could be determined by the presence of
seeds with a pronounced site-specific accessibility, which
could arise from differences in the strength of ligand ad-
hesion on the respective facets, in their inherent chemical
reactivity or in the specific degree of lattice matching
achievable,[43:99-102.115]

4.1 Hetero-Oligomers Based on Spherical Domains

One family of asymmetric HNCs in which oxide materi-
als have been incorporated is represented by heterodimers
and hetero-oligomers, comprising two or more nearly
spherical NCs of different materials epitaxially attached to-
gether. So far, these nanoarchitectures have been synthe-
sized by seeded growth approaches that take advantage of
four main mechanisms: (a) direct or surface-activated
heterogeneous nucleation; (b) initial nonepitaxial deposi-
tion followed by thermal coalescence-crystallization; (c) re-
action at liquid/liquid interfaces; and (d) thermally induced
attachment of preformed heteroparticles. These pathways
are schematically illustrated in Scheme 3a—d. Representative
TEM images of such types of HNCs can be found in Fig-
ure 4 and Figure 5.

°
°e o
29 00 o

Scheme 3. Sketch of mechanisms leading to the formation of oligomer-type HNCs: (a) direct or surface-activated heterogeneous nucleation
onto preformed seeds; (b) initial nonepitaxial deposition followed by thermally induced coalescence-crystallization; (c) reaction at liquid/
liquid interfaces; (d) thermally induced attachment of preformed heterodimers.
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Figure 4. Examples of hetero-oligomer HNCs synthesized by direct
epitaxial heterogeneous nucleation (a—b, d, e) and by thermally in-
duced fusion of preformed heterodimers (c, f). Low-magnification
transmission electron microscopy (TEM) images of: (a, b) peanut-
shaped and dumbbell-like Au-Fe;O4, HNCs, respectively (repro-
duced in part from ref.l'°!l with permission, copyright 2005 Ameri-
can Chemical Society); (c, d) ternary Fe;O4~Au-Fe;O, HNCs and
Au-Fe;04-PbS HNCs with a rod-like PbS section (reproduced in
part from ref.*3! with permission, copyright 2006 American Chemi-
cal Society); (e, ) high-resolution TEM images of Fe;O4~Au and
Fe;04-Au-Fe;04 HNCs, respectively (reproduced in part from
ref.*3! with permission, copyright 2006 American Chemical Soci-

ety).

(a) Direct Epitaxial Heterogeneous Nucleation

Direct heterogeneous nucleation of a second material
onto preformed NC seeds in homogeneous solution has
been largely exploited in the preparation of HNCs made of
various associations of magnetic, metal and semiconductor
materials (Scheme 3a, top). HNCs with epitaxially joint
Au-Fe;04 or PbS-Fe;0, sections have been synthesized by
thermal decomposition of organometallic Fe or Pb/S pre-
cursors in the presence of preformed Au NCs in OLAC/
OLAM/octadecene mixtures at 200-300 °C.[43-1°1 Examples
are displayed in Figure 4a-b, e. By a conceptually similar
scheme, the formation of binary Ag-CoFe,O4 HNCs has
also been claimed by means of Ag deposition onto pre-
formed CoFe,O4 or PbS nanocrystals in tetralin at mild
temperatures; however, the details of the experimental pro-
cedure have been elusive.['%3] Depending on the relative sizes
of the two domains, these heterostructures show a peanut-
or dumbbell-like morphological profile. The formation
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Figure 5. Examples of hetero-oligomer HNCs synthesized by non-
epitaxial deposition followed by thermal coalescence-crystallization
(a—d), and by reaction at the liquid/liquid interface (e, f). Trans-
mission electron microscopy (TEM) images of: (a, b) Fe;04,~ZnS
oligomer-like HNCs, (¢, d) Fe;04-ZnS dimer HNCs (reproduced
in part from ref!®! with permission, copyright 2005 American
Chemical Society) and (e, f) Fe;O4,~Ag dimer-like HNCs (repro-
duced in part from ref.’”! with permission, copyright 2005 Ameri-
can Chemical Society).

mechanism has been discussed for the case of Au-Fe;O4
HNCs.'°! Here the difference in the lattice parameters be-
tween the metal and the oxide is likely to be responsible for
the dimer-like topology, in which the two domains are then
oriented such that they share a coherent interface. In ad-
dition, during the synthesis, the solvent plays an important
role in regulating the nucleation sites on the Au seeds. In a
nonpolar medium, a polarization charge is induced at the
Au seed location where Fe;Oy, is initially grown, which de-
pletes the electron density elsewhere, thus inhibiting further
nucleation events. This leads to a dumbbell-like configura-
tion. In contrast, the use of a polar electron-donor solvent
allows electron deficiency to be replenished over the Au sur-
face, thus rendering it a suitable ground for the nucleation
of multiple Fe;O4 domains or even for the achievement of
a uniform oxide coverage. Thus, either flower-like hetero-
structures, made of several Fe;O, “petals” arranged on a
central Au particle, or Au@Fe;0, core@shell HNCs have
been obtained, depending on the specific solvent and on the
temperature used.l'®!] These findings clearly highlight how
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decisive the impact of changes in the solution environment
is on the setting of the overall surface energy balance and,
in turn, on the final topology of the resulting HNCs.

A more general approach to the fabrication of dumbbell-
like HNCs based on previous synthetic knowledge and
comprising one noble metal domain and a section of a mag-
netic or semiconductor material has been patented.['% This
strategy relies on performing a preliminary surface “acti-
vation” of the seeds by depositing a layer of elemental S,
Se, metal sulfide or metal selenide onto their surface. Such
treatment facilitates subsequent heterogeneous growth of an
additional material domain from the respective molecular
precursors (Scheme 3a, bottom). Different classes of hetero-
dimers can be synthesized, including magnetic metals and
metal oxides (e.g., Co, Ni, Fe, Fe;0,4, CoFe,0O4, MnFe,Oy,
NiFe,0,) associated with Ag and Au or semiconductors
(e.g., PbSe, PbS, CdSe, CdS) combined with Au, Ag, Pt or
Pd. Again, the remarkable structural difference between the
materials that are brought together can explain the forma-
tion of the heterodimer topology.

An even higher architectural complexity has been
reached by applying reiterated seeding steps, as a means of
increasing the number of component domains in a NC-
based heterostructure (Scheme 3a, top). As a remarkable
demonstration of this concept, ternary Fe;O4,—~Au—PbSe (or
Fe;04—~Au—PbS) hetero-oligomer HNCs have been achieved
by inducing heterogeneous nucleation of PbSe (or PbS) on
Fe;04—Au dumbbell-shaped seeds from Pb/Se (or Pb/S) sur-
factant complexes (an example is shown in Figure 4d).[*3]
In addition, it has been shown that a mechanism resembling
the solution-liquid-solid growth of nanowires from metal
seed catalysts is responsible for the formation of various
anisotropically shaped PbSe nanostructures, which initially
depart out of the Fe;O,~Au seeds and then detach from
them.['% An example is reported in Figure 4d. The proper-
ties of these magnetic-metal-semiconductor HNCs deviate
from those of the individual components alone. For exam-
ple, the semiconductor luminescence is quenched as a result
of electron migration toward the metal domain, while the
plasmon resonance is largely red-shifted due to dielectric
coating effects. Also, the relevant magnetic parameters are
altered; however, a straightforward explanation for these
changes has not been reported yet.[43:101]

More recently, luminescent ZnO—Au heterodimers have
been obtained by a room-temperature aqueous route.®!
Here, the presence of weakly acetate-passivated facets on
ZnO NC seeds is essential to aid epitaxial Au deposition
upon citrate-induced gold ion reduction under such mild
reaction conditions. These ZnO-Au HNCs exhibit red-
shifted Au surface plasmon absorption and ZnO band-edge
UV emission that is about one order of magnitude more
intense than that of pure ZnO NCs. Also, multiphonon Ra-
man scattering is enhanced by the strongly localized electro-
magnetic field of the metal plasmon, as observed in other
types of composite systems.['?%1971 These modified proper-
ties again reflect the mutual influence of interfacial electron
communication that is achieved upon formation of a inor-
ganic heterojunction.

Eur. J. Inorg. Chem. 2008, 837-854

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

(b) Nonepitaxial Deposition and Thermal Coalescence
Crystallization

A systematic investigation of how minimization of in-
terfacial strain energy governs the topological evolution of
HNCs has been reported for heterostructures based on -
Fe,O; and a MeS (where Me = Cd, Zn, Hg) com-
pound.[®>° The synthesis of these HNCs is seeded with y-
Fe>O5; NCs, onto which a highly defective and amorphous
MeS layer is initially deposited upon sequential addition of
metal acetate and sulfur precursors at low temperature
(lower than 100 °C). Upon thermal annealing at 280 °C, the
amorphous MeS shell starts to crystallize, which determines
a gradual strain intensification at the y-Fe,O3;/MeS junction
region owing to the poor lattice matching between the two
materials. Over time, the shell coalesces and segregates into
a discrete MeS grain, which is ultimately attached at one
side to the original seed (Scheme 3b). Such evolution can
be explained by considering that the large junction tension
in the initial y-Fe,Os;@MeS core@shell nanostructure can
be greatly relieved if the interfacial area is reduced. This
process fully compensates for the increase in the overall sur-
face energy that eventually accompanies heterodimer for-
mation. The topological evolution of the y-Fe,Os;-MeS sys-
tem has been studied as a function of the MeS type and
rationalized on the basis of the Coincidence Site Lattice
Theory.l'1 It has been proposed that, since the lattice fit at
a v-Fe,O3/MeS interface is better for Me = Zn than for Me
= Cd and much worse for Me = Hg, then the heterogeneous
growth of MeS on y-Fe,O3 NPs could lead to multiple ZnS
domains or to only one CdS domain on each oxide seed,
while the formation of y-Fe,O3;—HgS heterodimers should
be quite unfavourable. Examples of HNCs synthesized by
this mechanism are reported in Figure 5a—d.

As for their chemical-physical properties, these y-Fe,O3—
MeS HNCs retain both the fluorescence of the MeS
domain and the typical superparamagnetic behaviour of
iron oxide, and they could therefore be conveniently used
as bifunctional probes, for instance, in the biomedical field.
First efforts in this direction have been recently made with
the y-Fe,O3-CdSe heterodimer counterparts (synthesized
by a similar approach) of these HNCs, which were silica-
coated and bioconjugated in order to be used in the imaging
of live cell membranes.!>)

(¢) Biphasic Reactions

An original route for synthesizing heterodimers compris-
ing a Fe-oxide section and either a Au or a Ag domain
under mild conditions has been based on seeded growth at
a liquid/liquid interface®”l In the reported procedure
(Scheme 3c), an aqueous metal salt solution is brought in
contact with an organic solvent immiscible with the aque-
ous solution (such as dichlorobenzene, dichloromethane,
hexane or octyl ether) in which surfactant-capped Fe;Oy4
NCs are dissolved. Upon ultrasonic irradiation under an
oxygen-free atmosphere, an emulsion is formed and stabi-
lized by the hydrophobic Fe;O,4 seeds that self-assemble at
the organic/water interfaces of the microdroplets.®”! The
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oxide NCs provide catalytic sites on which the Ag* or
AuCly ions can be reduced to Ag or Au, respectively, by
sonochemically produced radicals. As the Fe;0,4 seeds are
only partially exposed to the aqueous phase, metal deposi-
tion is confined to a small surface region and proceeds self-
catalytically, which explains why a single metal domain is
ultimately found on each Fe;Oy4. The final HNCs are fully
soluble in the nonaqueous phase. This route has been ex-
tended also to the preparation of Fe;O4—Au, FePt-Ag and
Au-Ag heterodimers. An appealing characteristic of these
hybrid nanostructures is that they offer two material plat-
forms with substantially different surface properties. As a
proof of concept, it has been indeed possible to selectively
functionalize each one of the two domains with different
biomolecules. Examples of HNCs synthesized by this bi-
phasic strategy are shown in Figure 5Se, f.

(d) Reactions between HNCs

An original strategy has been devised with the potential
to access increasingly complex HNCs. It has been re-
ported® that peanut-shaped ternary Fe;Os,~Au—Fe;04
HNCs, in which an Au section bridges two Fe;O, domains,
can be obtained by inducing the coalescence of the Au do-
mains that belong to separate Au-Fe;O, heterodimers in
the presence of sulfur (Scheme 3d). Thus, in this approach,
heterodimers are regarded as small functional molecules
that can be combined with each other to form larger mole-
cules. With its high affinity for gold surfaces, it may be pre-
sumed that sulfur helps to displace the capping surfactants
on the Au section of the heterodimers, thereby driving them
to lower their surface energy by fusing with each other. An
example of the as-synthesized HNCs is reported in Fig-
ure 4c, f.

4.2 Asymmetric Heterostructures Based on Rod-Shaped
Oxide Sections

HNCs with an even more pronounced asymmetry in the
spatial distribution of their component domains have been
obtained by controlling heterogeneous growth reactions on
nonspherical oxide NCs, such as ZnO or TiO, nanorods.
NCs with such shapes commonly occur in highly asymmet-
ric crystalline phases (e.g., the hexagonal wurtzite for ZnO
and the tetragonal anatase for TiO,), exhibiting a preferen-
tial elongation along the direction of their ¢ axes. An im-
portant aspect to emphasize is that the chemical reactivity
of the basal planes of nanorods can differ significantly from
that of their longitudinal sidewalls, which is consistent with
the anisotropic growth mechanism by which they are ob-
tained.[''112] Variations in the strength of surface ligand
binding and/or in the degree of interfacial strain at the rel-
evant junction regions can lead to site-selective nucleation
of a different material on these nanorods when they are
used as seeds. Nevertheless, accurate control over the final
HNC topology has proven to be inherently difficult, which
explains why progress in this area is still in its infancy.
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Two types of HNCs based on ZnO nanorods have been
reported, both of which can be expected to exhibit en-
hanced charge-carrier-separating properties relevant to
photocatalytic and photovoltaic applications.['!0-1151 A
light-assisted method has been developed for preparing Ag-
functionalized ZnO nanorods.'°! Their growth has been
based on the UV-induced photocatalytic reduction of silver
ions on acetate-capped ZnO nanorods prepared by oriented
attachment of isotropic particles formed upon controlled
hydrolysis of zinc acetate.l'''] Upon ZnO bandgap photoex-
citation, electron-hole pairs are generated, which are then
available to react with suitable acceptors at the oxide sur-
face. Because of the weak organic passivation on the seed
facets, metallic Ag embryos can easily be deposited at room
temperature and self-catalyze their subsequent enlargement,
which prevails over additional nucleation. A preferential de-
position of Ag domains in the proximity of either one of the
nanorod tips has been observed and tentatively explained as
arising from internal-dipole-driven localization of conduc-
tion electrons on those regions and/or from more favour-
able lattice match conditions for the respective material lat-
tices. In another report, the tip-preferential deposition of
TiO, onto similar acetate-capped ZnO nanorods has been
observed.[''"] In this case, the hydrothermal treatment of
the ZnO nanorods with amorphous TiO, powders has been
manipulated to synthesize heterostructures, each compris-
ing one amorphous TiO, head cap attached to either one
of the nanorod tips. The latter have been identified to coin-
cide with the polar basal planes of c-axis-elongated wurtzite
lattices and tentatively considered as more chemically reac-
tive because of their inherent structure.l!!3]

Semiconductor-magnetic heterostructures based on an-
isotropic TiO, portions have been successfully synthesized
by suitable manipulation of the organometallic chemistry in
complex surfactant mixtures. One remarkable example of
strain-driven heteroepitaxial growth is represented by the
synthesis of asymmetric binary HNCs, each made of one
rod-like anatase TiO, section and one y-Fe,O; spherical do-
main attached together,['°2! which are shown in Figure 6.
These heterostructures have been obtained by accomplish-
ing Fe(CO);s decomposition at 240-300 °C in an octadecene
solution containing hydrolytically prepared TiO, nano-
rodst'!?l and three surfactants, namely OLAC, OLAM and
1,2-hexadecandiol, in defined relative proportions. The pro-
posed synthetic approach demonstrates to be highly versa-
tile in that it allows to finely tailor the mean dimensions of
the y-Fe,O5 that are heterogeneously nucleated on the TiO,
seeds by adjusting the reaction parameters. The y-Fe,O3
size-tuning has been rationalized in terms of the competi-
tion between homogeneous and heterogeneous nucleation
processes and on the basis of the balance attained between
the nucleation and growth stages. Temperature influences
the exchange dynamics between the surfactants bound to
the seed surface and the free ligands in the solution, hence
dictating the number of TiO, nanorods that become acti-
vated for y-Fe,O5 deposition. Simultaneously, the TiO,-to-
Fe(CO)s-precursor ratio regulates the availability of mono-
mers that can feed the growth of the Fe-oxide nucleated
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heterogeneously. From the structural point of view, the
most striking feature of these HNCs is that the y-Fe,O;
domain grows exclusively on the longitudinal sides of the
TiO, nanorod seeds. As a result of the high lattice misfit
that characterizes the relevant y-Fe,O3/Ti0, junction pla-
nes, the TiO, section is deformed and bowed toward the y-
Fe,O; sphere. Detailed structural analyses have indeed dis-
closed the involvement of a peculiar heteroepitaxial growth
mechanism that is typically encountered during MBE
growth of quantum dot islands on highly mismatched sub-
strates.[!13114 According to the latter, the TiO, and y-Fe,O;
domains are coherently connected by a rather limited junc-
tion area at which the near-surface planes of the respective
materials are locally curved, as sketched in Scheme 4a. This
allows the strain accumulated at the interface to be accom-
modated to a great extent, only at a proportionally smaller
cost of additional surface energy.l''>!'4] The possibility of
tuning the dimensions of the iron oxide section translates
into a fine control over the magnetic properties of the
HNCs, which closely resemble those of free y-Fe,Os par-
ticles, as a result of the limited contact area shared with
TiO..

Figure 6. Examples of asymmetric HNCs synthesized by hetero-
geneous growth of y-Fe,O5 spherical domains onto TiO, nanorods.
(a—d) Low-magnification transmission electron microscopy (TEM)
images of y-Fe,O3;-TiO, HNCs with increasingly larger y-Fe,O;
spheres. (¢) High-resolution TEM image of a y-Fe,O3-TiO, match-
stick-shaped HNC made of a TiO, nanorod connected to a y-Fe,O3
spherical head. (f) High-resolution TEM image of a y-Fe,O5-TiO,
heterostructure, comprising a fork-shaped TiO, nanorod attached
to y-Fe,O5 sphere by its arms (reproduced in part from ref.['%?! with
permission, copyright 2006 American Chemical Society).
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Scheme 4. Sketch of mechanisms leading to the formation of asym-
metric HNCs based on anisotropically shaped TiO, sections: (a) y-
Fe,0;-TiO, epitaxial junctions achieved by local curving of in-
terfacial planes; (b) surfactant-controlled site-selective hetero-
geneous growth of €-Co onto TiO, nanorod seeds.

By a TiO, seeded growth strategy similar to that de-
scribed above, site-selectively g-Co-decorated TiO, nano-
rods have been synthesized by thermal decomposition of
Co0,(CO)g with the assistance of octanoic acid (OCAC),
OLAM and OLAC at 250-280 °C.[°1 A calibrated temporal
variation of the surfactant composition and/or concentra-
tion along the synthesis course has been conveniently used
to switch the manner of heterogeneous Co growth from a
tip-preferential mode to a nonselective deposition regime,
in which the metal also nucleates onto the longitudinal side-
walls of the NRs. Such a degree of control is illustrated in
Figure 7. According to an in-depth atomic-resolution struc-
tural investigation, both types of TiO,—Co heterojunction
configuration are quite favourable in terms of lattice point
coincidence, which therefore excludes the possibility that
the site-selective Co deposition is dominantly driven by
facet-dependent interfacial strain. Instead, a major role in
achieving the topological control is played by the surfac-
tants here. They not only regulate the TiO, seed accessi-
bility, adsorbing in a facet-selective manner, but also stabi-
lize the growing Co domains, as sketched in Scheme 4b. It
has been rationalized that the attainment of a TiO,—Co
junction becomes favoured when it compensates for the in-
crease in the overall surface tension caused by inadequate
surface passivation by the ligands. Notably, the magnetic
properties of these TiO,—Co HNCs do not follow a simple
dependence on the Co domain size. One possible explana-
tion could be that, as the two materials communicate
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through a rather extended inorganic junction, proximity ef-
fects and/or exchange bias at the interface can have an un-
usual influence on the magnetic anisotropy term.

[0, (1,0:1)

a=0.3516 nm// :

2 nm

Figure 7. Examples of asymmetric hybrid nanocrystals (HNCs)
synthesized by heterogeneous growth of €-Co spherical domains
onto TiO, nanorods. Low-magnification transmission electron mi-
croscopy (TEM) images of Co-tipped TiO, nanorod HNCs with
tuneable Co tip size (a—c) and of longitudinally Co-decorated TiO,
nanorod HNCs (d-f). In (g) and (h), a high-resolution TEM image
of a Co-TiO, matchstick-like HNC and its corresponding simu-
lated image, onto which the relevant epitaxial relationships are
marked, are reported, respectively (reproduced in part from ref.[*]
with permission, copyright 2007 American Chemical Society).

It is believed that these asymmetric oxide-based NCs
could give rise to disparate technological applications. In-
deed, these objects represent nanosized bifunctional cata-
lysts for a variety of gas- and liquid-phase reactions. An
appealing aspect of the heterostructures is that the photo-
catalytic activity of TiO, is combined with the magnetism
of y-Fe,O3 or of Co, that could enable fluidization, pro-
duction of local heating in the solution, as well as catalyst
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recovery upon application of an external magnetic field. Ex-
citing applications in the biomedical field can also be envi-
sioned. The nontoxic y-Fe,Os; domain could be used to
drive the HNCs toward tumour tissues, where magnetically
induced hyperthermia could be combined with TiO,-based
photodynamic therapy to kill malignant cells. Finally, it
could be possible to deliberately orient TiO, nanorods an-
chored onto surfaces under an external field, which would
open up novel perspectives in the controlled organization
of multifunctional nanocrystals on substrates.

5. Concluding Remarks

The synthesis of multimaterial hybrid nanocrystals based
on combined sections of oxide, metal and semiconductor
materials is attracting increasing attention as a new fasci-
nating branch of nanochemistry research. The preparation
of NC heterostructures is a rather challenging task, as the
ability to tailor specific nanosized materials must be inte-
grated with an understanding of the parameters which de-
termine heterogeneous and/or heteroepitaxial growth at the
nanoscale level. At present, these nanocrystal-based struc-
tures cannot yet be engineered in such a way as to prevent
possible detrimental effects on the properties of individual
material components. Nevertheless, the possibility to design
and synthesize elaborate HNCs with a topologically con-
trolled composition promises to disclose unprecedented ho-
rizons in the manipulation of the properties of any nano-
sized metal, semiconductor and oxide material that is
brought into contact with other materials. It can be ex-
pected that future progress in this synthetic ability will open
up access to new breeds of colloidal nanoheterostructures,
which could enable optoelectronic, magnetic, biomedical,
photovoltaic and catalytic applications with a high level of
performance.
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