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Synonyms

Preparation of complex oxide unidimensional nanostructures; Synthesis of multicationic 1-D oxide
nanostructures

Definitions

One-dimensional (1D) oxide materials are anisotropic nanocrystals with large aspect ratios (length/
diameter). Typically, they display diameters of 1–200 nm and lengths up to several tens of micrometers.
Given their specific shape, 1D oxides are found in the literature under different names: nanowires,
nanorods, nanotubes, nanobelts, nanofibers, whiskers, etc.

To date, different approaches have been proposed to achieve 1D growth of oxides with different
degrees of control over the growth process. These approaches are based on (i) taking advantage of the
inherent anisotropic crystallographic structure of certain solids to promote the 1D growth, (ii) using
organic additives or surfactants to kinetically control the oriented attachment of some crystallographic
facets of a seed to finally form 1D nanostructures, (iii) using hard or soft templates (with 1D porosity) to
directly grow nanowires and/or nanotubes, or (iv) controlling the condition of supersaturation to modify
the tendency of seed to growth.

Multinary oxides, also named functional complex oxides, are materials that contain two or more metals
in a precise ratio. The preparation of these oxides is to date a key challenge in materials science
development.

Introduction

1D nanomaterials have attracted significant attention due to their inherent anisotropic nature, high surface
area, structure-related properties resulting from confinement effects, and the possibility to be incorporated
into devices. In addition, mixed-metal oxides are key components for many technological applications.
These functional materials often contain one or more transition-metal elements whose oxidation states are
central to define their magnetic, electronic, or redox properties. Transition-metal oxides exhibit rich
physical properties expanding from insulators to semiconductors, metals, and superconductors. Their
bandgap span from the visible to the ultraviolet energy regimes and their magnetic properties can be
diamagnetic, paramagnetic, ferromagnetic, and antiferromagnetic. Their dielectric properties are shown
to be notorious in both the low-k and high-k regimes, and they can also be ferroelectric and
piezoelectric. All these properties make 1D nanostructures of complex metal oxides excellent candidates
for a wide range of applications including the fabrication of advanced and more efficient devices
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associated with solar cells, energy storage, fuel cells, communications, information storage, sensors,
catalysis and medical imaging, diagnosis, and detection. As a result, to date, different methods of
synthesis are being investigated to generate 1D nanostructures of functional oxides with a precise control
over their chemical composition, size, shape, and crystallinity.

The preparation of nanostructures can be distinguished between two well-defined approaches: (i) top-
down approach which follows conventional lithography and, more recently, new and sophisticated
electron and ion beam lithography to develop such nanostructures and (ii) bottom-up approach where
defined complex nanostructures are “built up” through self-assembly processes, i.e., they use smaller units
to create the nanometer-sized features with the desired shapes and/or dimensions. Top-down techniques
are usually based on patterning a given shape using lithographic methods (including photolithography,
electron beam lithography, electrochemical dip-pen lithography, etc.) that are thereafter removed by wet
chemical etching, focused ion beam (FIB) milling, or reactive ion etching (RIE). However, these methods
tend to be rather expensive, technically challenging, tedious, time-consuming, and relatively low
throughput. In contrast, bottom-up chemical synthesis methods offer an alternative strategy to produce
nanostructures with large material diversity, easy setup and good control over stoichiometry and doping,
and the possibility of coating large and uniform areas.

Materials with a highly anisotropic crystallographic structure grow along a well-defined crystallo-
graphic direction. As a result, the 1D morphology can be spontaneously achieved. In this context,
chemical solution-based synthesis methods have been proposed as the main routes to achieve a 1D
growth in oxide materials. The approaches based on chemical solutions include (i) the use of organic
additives or surfactants that kinetically control the oriented attachment of some crystallographic facets of
a seed to finally form 1D nanostructures, (ii) the use of oriented attachment of nanocrystals to form 1D
nanostructures, (iii) the confinement of 1D growth by using a hard or soft template with 1D porosity, or
(iv) the control of supersaturation to modify the tendency of the seeds growth.

Catalytic Growth of Nanowires: Vapor–Liquid–Solid (VLS) and Solution–Liquid–Solid
(SLS) Methods
The synthesis of 1D nanostructures using vapor–liquid–solid (VLS) and solution–liquid–solid (SLS)
methods through confinement under a liquid drop has been the center of large efforts (see Fig. 1). These

Fig. 1 Schematic illustration of the VLS and SLS mechanisms for the growth nanowires. (a) VLS mechanism for the growth
under chemical vapor deposition conditions. (b) SLS mechanism for the analogous growth under solution (Reprinted with
permission from Ref. [1]. Copyright (2006) American Chemical Society)
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methods have been especially used to prepare nanowires of semiconductors such as Si, GaAs, and ZnO
[1]. Briefly, a liquid droplet is used as a catalyst seed. As a result, each liquid droplet will work as a soft
template to strictly limit the lateral growth of an individual wire. The precursor is then introduced as a
vapor (VLS) or as a solution (SLS) that will be dissolved into the catalyst droplet. When the droplet is
supersaturated with a given dissolved species, the nanowire starts to grow. The diameter of the nanowire is
consequently determined by the size of the catalyst droplet.

The VLS and SLS methods are better suited to produce single elements and binary semiconductors and
oxides than complex materials such as ternary or quaternary oxides. The main reason for that is the need of
more complex precursors and the corresponding difficulty in controlling the growth conditions and
stoichiometry at the atomic level. Additionally, VLS or SLS growth of nanowires is restricted to systems
that can form eutectic with catalysts at growth temperature. Unfortunately, for many of complex oxides,
there is very limited information about the formation of eutectic liquids. In the case of multicomponent
oxides, a precise control over the stoichiometric composition is possible only by chemical solution
methods. Interestingly, when combined with template-mediated synthesis, it offers the possibility to
produce aligned unidirectional and uniformly sized 1D oxide nanostructures over large areas which is
highly attractive for device fabrication and the study of collective phenomena.

Chemical Solution Synthesis
1D complex functional oxide nanostructures can be produced, among other methods, by wet chemical
methods. In this case, it is possible to obtain a large diversity of multielemental oxides with a number of
cations that can exceed over four or five elements. Typically, soft chemistry provides high melting point
compounds with a desired composition and structure which at low or mediate temperatures are otherwise
difficult to form with a homogeneous composition. Therefore, these synthesis methods make it possible to
control and to keep fixed the stoichiometry already present in the solution in a very reproducible way.
Moreover, these methods avoid long-time calcinations at high temperatures, and, finally, they permit the
production of large amounts of 1D nanostructure powders.

Wet chemistry includes (i) solution-phase decomposition, (ii) electrochemical techniques (including
deposition and electrospinning), or (iii) hydrothermal, molten salt and template based synthesis methods.
In all cases, the precursor compounds play a significant role. In this context, the fundamental purpose of
wet chemistry is to design specific new precursors or to modify the existing ones in order to develop novel
1D oxide nanostructures.

Solution-Phase Decomposition Synthesis
This methodology uses the decomposition of bimetallic alkoxide precursors in the presence of coordi-
nating ligands. As a result, it is possible to successfully obtain multicationic oxide nanowires. The main
advantage of this procedure is the possibility to control the correct product stoichiometry and to avoid
high-temperature treatment steps. Figure 2 shows a schematic illustration of the typical reaction apparatus
involved in the synthesis of solution-phase oxide nanowires [2]. Notice that rapid injection of organo-
metallic reagents in a hot coordination solvent produces temporally discrete homogeneous nucleation.
The decomposition and nucleation occurs rapidly upon injection.

Following this approach, Urban et al. successfully synthesized [001]-BaTiO3 ferroelectric nanowires
[3]. The authors used an excess of H2O2 that was added at 100 �C to a heptadecane solution containing a
10:1 molar ratio of BaTi[OCH(CH3)2]6 to oleic acid. The reaction mixture was then heated to 260 �C for
6 h, producing the formation of nanowires. In this case, the anisotropic growth takes place after the
precursor decomposition and crystallization in a structured inverse micelle medium formed by precursors
and oleic acid under the reaction conditions. These nanowires were found to be ferroelectric, exhibiting
hysteresis loops with a coercive field of 7 kV/cm�1.
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Hydrothermal Synthesis
Hydrothermal synthesis is based on heating the chemical solution in a sealed vessel (autoclave). This
procedure will increase the autogenous pressure inside the vessel beyond atmospheric pressure as the
temperature exceeds the boiling point of the solvent [4]. As a result, the solubility and reactivity of the
precursors used in the material synthesis are increased.Whenwater is used as solvent, the process is called
hydrothermal, whereas in the case of using a nonaqueous solvent, the process is termed solvothermal.
Importantly, the hydrothermal synthesis exploits the enhanced solubility and reactivity of almost all
inorganic substances in solvents at elevated temperatures and pressures, therefore, allowing the subse-
quent crystallization of the dissolved material/precursor ions from the solution under these conditions.

The hydrothermal synthesis is typically performed by placing the selected precursor, the mineralizer,
and the additives all together with the solvent in the autoclave, as illustrated in Fig. 3. Normally, stainless
steel autoclaves with a Teflon® lining are used which allows to avoid any eventual contamination from the
steel. Precursors can be oxides, hydroxides, or salts of the elements required to build up the material. The
autoclave is heated either by placing it in an oven or by using microwaves. The phase composition and
morphology of the final product can be tuned by small changes in the chemical parameters such as the type
of precursors, concentration, pH as well as process parameters like temperature and reaction time.

Only for materials with an anisotropic crystallographic structure, the 1D growth along one specific
crystallographic direction can be directly obtained by hydrothermal synthesis. As an example, Fang
et al. [5] were able to grow single-crystal lanthanide orthophosphate (e.g., LaPO4) 1D nanowires by a
simple hydrothermal synthesis route. In this case, the anisotropic crystal structure of these compounds
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Fig. 2 (a) Schematic illustration of a typical solution-phase decomposition setup. Clip art was performed from ChemSketch
freeware. (b) Transmission electron microscopy (TEM) image of BaTiO3 nanorods. Inset: powder X-ray diffractogram of the
reaction product composed of randomly oriented BaTiO3 nanorod ensembles. (c) TEM image of a 30 nm diameter BaTiO3

nanorod. Left inset: electron diffraction pattern obtained from the same nanorod. Right inset: A high-resolution TEM image of
the nanorod that shows lattice fringes perpendicular to the [100] direction (Reprinted with permission from Ref. [3]. Copyright
(2002) American Chemical Society)
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facilitates the crystal growth along the c-direction. SEM images of two different synthesized LnPO4

nanowires by hydrothermal treatment are displayed in Fig. 3. In most cases, and especially for materials
with a cubic or pseudocubic crystal structure, the 1D directed growth approach has to be applied in order
to achieve a 1D growth. This includes using precursors with a 1D nanostructure, taking advantage of
appropriate organic additives (surfactants), or using the principle of oriented attachment of nonspherical
nanocrystals. As an example, single-crystalline KTa0.25Nb0.75O3 (KTN) nanorods with an orthorhombic
perovskite structure were synthesized via a polymer-assisted hydrothermal method [6]. The preferred
crystallographic orientation of the nanorods was found to be controllable by using different types of
polymers in the process (see Fig. 4). As a result, the [001]-oriented KTN nanorods were obtained upon the
use of polyvinyl alcohol (PVA), and the [110]-oriented ones were formed with the use of a combination of
polyacrylic acid (PAA) and PVA. Since surfactants are capable to stabilize certain surfaces by selective
adsorption, the difference in the growth rate between different crystallographic directions can be accen-
tuated, therefore, giving rise to nanorods oriented along different growth directions.

Fig. 3 (a) Schematic representation of a typical stainless steel autoclave used for the hydrothermal synthesis (Adapted from
Ref. [4]). SEM images of the as-synthesized (b) GdPO4 and (c) TbPO4 nanowires by hydrothermal synthesis (Reprinted with
permission from Ref. [5]. Copyright (2003) American Chemical Society)
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Molten-Salt Synthesis
The molten-salt synthesis (MSS) method is straightforward and very versatile. In addition, it offers cost-
effective approaches suitable for obtaining crystalline, chemically pure, and single-phase nanostructures
at low temperatures. The main processing steps associated to the MSS method are illustrated in Fig. 5.

Fig. 4 Schematic illustration showing the possible formation of different growth directions of KTa0.25Nb0.75O3 nanorods in
the hydrothermal system using PVA and polyacrylic acid (PAA) + PVA as additives, respectively (Adapted from Ref. [6])

Fig. 5 Schematics displaying the different steps involved in the molten-salt synthesis of metal-oxide nanowire materials
(Adapted from Ref. [8])
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Essentially, oxides and/or other appropriate precursors according to the desired compound are mixed with
either a given salt (e.g., NaCl) or an eutectic mixture of salts (e.g., NaNO3/KNO3, NaCl/KCl). Then, they
are fired at a temperature above the melting point of the salt medium to form a molten flux. At this
temperature and under these specific conditions, the precursor molecules will disperse, dissociate, diffuse,
and then rapidly rearrange throughout the salt. In this way, the particles of a given metal-oxide phase are
formed through an initial nucleation step followed by a growth process that strongly depends on the
identity of the salt species, the quantity of salt used in the reaction medium, the temperature at which the
reaction is performed, and the reaction duration. After cooling down, the salt itself can be simply
eliminated by washing out with an aqueous solution. Upon drying, it is unlikely to obtain agglomerated
nanowires after applying the appropriate processing.

Molten-salt synthesis has been used to prepare pristine BaTiO3 nanowires with diameters ranging from
50 to 80 nm and with aspect ratios ranging from 1 to larger than 25 [7, 8].

Electrospinning Synthesis
Electrospinning is another feasible solution-based process for the synthesis of 1D nanomaterials, in
particular, to obtain nanofibers with very high surface area-to-volume ratios. These nanofibers can be
synthesized under different morphologies. Specifically, solid, porous, hollow, core–shell, and
compoundA/compoundB type have been successfully obtained using this technique. Typically, the
electrospinning setup is reader simple and requires only a syringe with a metal needle, a conductive
(grounded) collector, and a high-voltage power supply [9], as displayed in Fig. 6. Briefly, a solution or
melt of the desired material is placed in the syringe. The application of a sufficiently strong electric field to
the needle (electrode) results in a cone-like deformation of the solution droplets, from which a jet
protrudes toward the collector (counter electrode). During the ejection from the needle toward the
collection plate, solid nanofibers of the material can be formed on the collection plate by either

Fig. 6 (a) Schematics of a typical electrospinning setup using a grounded static collector. Reprinted with permission from
reference [9]. (b) Typical SEM image showing as-spun BaZrO3 fibers and (c) TEM image of faceted BaZrO3 nanoparticle
chains formed after crystallization at 1,400 �C (Adapted from Ref. [10]. Reproduced with permission from The Royal Society
of Chemistry (RSC) on behalf of the Consejo Superior de Investigaciones Cientificas (CSIC) and the RSC)
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solidification of the melt or by evaporation of the reaction solvent. As-prepared fibers often require an
additional thermal annealing step in order to achieve sufficiently high crystalline materials.

As an example, we show, in Fig. 6, BaZrO3 nanofibers that were electrospun from a 0.25 M metal
cation solution containing barium acetate and zirconium (IV) 2,4-pentanedionate dissolved in glacial
acetic acid [10]. Polyvinylpyrrolidone was added to increase the solution viscosity and to further allow the
formation of hollow fibers during electrospinning. The microstructural evolution during thermal
annealing at temperatures between 600 �C and 1,400 �C revealed a crystal growth evolution. Strong
grain coarsening was also observed above 1,200 �C, leading to linear and branched nanoparticle chains
that were formed from the finer initial hollow nanofibers. The faceting of the nanoparticles took place
under low-energy surfaces.

Template-Assisted Synthesis
The synthesis of 1D nanostructures using templates supposes a very convenient and versatile method.
This technique represents a conceptually straightforward approach to the generalized synthesis of
nanostructures first introduced by Martin [11]. In this method, the template is used as scaffolds in
which are possible to synthesize materials with different morphologies. The obtained material within
the template’s pores is composed of a nanostructure that matches that of the template’s morphology. The
chemical and physical properties of the template membranes (i.e., pore size and geometry) enable a high
degree of control over the dimensions of the resulting 1D nanostructures.

Many different types of template membranes have been successfully used, and it is generally agreed
that this synthesis method is a relatively simple, reasonably high-throughput, and cost-effective procedure
and, therefore, of general applicability. There are twomain types of templates: “soft” templates and “hard”
templates. Naturally occurring gels, micelles, and chitin scaffolds are considered as soft templates. Other
soft templates include DNA strands, polymer matrices, and reverse micelles. Hard templates are typically
associated with materials such as track-etched polymeric membranes and anodic alumina membranes
which are both commercially available.

Direct Template Filling
The direct filling of a template with a precursor solution is one of the most straightforward and versatile
methods for preparing nanowires or nanorods. In the following section, we present some interesting
examples on the preparation of 1D nanostructures of mixed-metal oxides by combining sol–gel
processing and hard nanoporous templates.

A key issue for the synthesis of 1D nanostructures following this method is the preparation of stable
starting precursor solutions which can be tuned according to the desired composition and its ability to fill
the template nanopores by capillary force. Metallic nitrates which are completely soluble in water and
possess long-term stability are often the precursors of choice. Good control over viscosity, wettability,
stoichiometry, and stability of the precursor solution has been identified as crucial parameters for the
template-mediated synthesis. In some cases, a polymerizing agent such as ethylene glycol (EG) can be
used in order to reach the optimum viscosity. After template filling by capillary forces, different thermal
treatments under an oxygen-rich atmosphere are further applied in a tubular oven for the ultimate phase
formation and crystallization. However, the same precursor solution may have a very different wetting
behavior when filling high surface tension templates such as nanoporous alumina or low surface tension
track-etched porous polymer templates with low surface tension. This scenario gives rise to the formation
of nanorods or nanotubes, respectively.
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Anodic Aluminum Oxide Membrane Templates
A recent example, showing the applicability of template-mediated synthesis, is the formation of self-
standing La0.7Sr0.3MnO3 nanotubes that were synthesized using a sol–gel precursor solution combined
with porous alumina templates [12]. The nanotubes were prepared from a precursor solution containing
0.5 mol/L of lanthanum, strontium, and manganese nitrates in the proportion 07:0.3:1, respectively, in
water. In this case, commercially available anodic aluminum oxide (AAO) membrane templates
(Whatman®, pore diameters 100 and 200 nm) were used. The templates were immersed in the precursor
solution at room temperature for different holding times ranging from 1 h to 56 h. Subsequently, the
templates containing the precursor gel were heated at high temperatures by using a tubular furnace in
oxygen atmosphere. The resulting nanotubes displayed outer diameters of 100 nm or 200 nm and wall
thicknesses of approximately 20 nm�40 nm (see Fig. 7), depending on the template pore dimension with
lengths of few micrometers. The synthesized La0.7Sr0.3MnO3 nanotubes were polycrystalline due to the

Fig. 7 (a) Thermogravimetric analysis of the nitrate precursor solution, heating ramp 3 �C/min until a maximum temperature
of 900 �C was reached. Schematic representation of AAO nanopore filling process and posterior nanotube formation at
elevated temperatures is described. (b)Top view field emission SEM image of vertically aligned nanotubes obtained using an
AAO membrane with 200 nm pore size (800 �C, 5 h) after partial removal of the AAO template. (c) TEM image of an isolated
La0.7Sr0.3MnO3 nanotube, the inset shows the corresponding selected area electron diffraction (SAED) pattern (Reproduced
from Ref. [12] with permission from the Centre National de la Recherche Scientifique (CNRS) and Elsevier, with kind
permission from Springer Science and Business Media)
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heterogeneous nucleation within the AAO pore walls and ferromagnetic with a Curie temperature of
350 K, i.e., close to the reported La0.7Sr0.3MnO3 bulk value.

Track-Etched Polymer Templates
One of the main drawbacks of using hard templates for the synthesis of 1D nanostructures relates to the
ultimate template removal which is a requirement for many technological applications. However, polymer
templates display low decomposition temperatures (300–500 �C) which enable their easy elimination
during growth processes when the right thermal conditions are chosen. In the following, we will present
some examples concerning the preparation of 1D nanostructures of mixed-metal oxides by combining
sol–gel processing and track-etched nanoporous polymer templates.

Vertical polycrystalline La0.7Sr0.3MnO3 nanorods can be synthesized using chemical solution deposi-
tion assisted by polycarbonate (PC) or polyimide (PI) nanoporous templates on SrTiO3 (STO) and
LaAlO3 (LAO) substrates [13]. In this case, the key point to maintain the verticality of the nanorods
synthesized at high temperatures was the similar perovskite crystallographic structures of La0.7Sr0.3MnO3

nanorods and substrates. The difference in the lattice parameters between La0.7Sr0.3MnO3 and the sub-
strates was minimal, yielding a nominal tensile lattice mismatch of e � 0.9 % for STO and a larger but
compressive magnitude of e � �2 % for LAO substrates. Consequently, filling nanoporous track-etched
polymers (�1 mm thick) supported on STO and LAO substrates with the nitrate-based precursor solution
under a thermal treatment at 800 �C resulted in a final nanostructured perovskite substrate with vertically
oriented nanorods of 1 mm high, as summarized in Fig. 8.

In this case, the nanorods were polycrystalline and were indexed according to the standard rhombo-
hedral structure and space group R� 3 c of La0.7Sr0.3MnO3 perovskite. They were ferromagnetic with
Curie temperature (Tc) values around �360 K, i.e., close to the reported bulk La0.7Sr0.3MnO3 value.
Altogether, these results prove the capability of the chemical solution deposition method combined with
track-etched polymer templates to generate homogeneous nanostructured surfaces with vertical
La0.7Sr0.3MnO3 nanorods displaying interesting magnetic properties.

Epitaxially Stabilized Metastable Phases of 1D Oxide Nanostructures
It has been shown that polymer template nanopores can be used not only as a mere physical spatial
constrains but also as nanoreactors in which confined nucleation favors the stabilization of particular
metastable seed nanostructures. Additionally, once the polymer template is decomposed during thermal
treatment, the atomic structure of the substrate can be effectively used as a second template for phase
stabilization and epitaxial growth. In the following, we present two examples of the fundamental role of
the substrate as a determinant for polymorph stabilization, geometry, and orientation of the grown
nanostructured oxides.

Following the same synthesis method as described above and the same precursor solution, the
stabilization of a different polymorph of La0.7Sr0.3MnO3 with highly interesting magnetic properties
was achieved by using silicon substrates. In this case, the nanowire growth mechanism entails the
controlled growth of an a-quartz thin film at the silicon surface which allowed octahedral molecular
sieve (OMS) nanowires of different compositions to stabilize and crystallize [14, 15]. Manganese oxide
OMS are 1D open framework structures with nanometric tunnel sizes. The tunnels are built up by edge-
shared and corner-shared [MnO6] octahedral units leading to different pore size materials. The shape of
the tunnels is expressed as the number of constituting octahedral units (n�m) and is characteristic of each
porous manganese oxide.

Figure 9 shows a detailed scheme of the proposed mechanism for the formation of OMS nanowires on
top of silicon substrates, based on the combination of soft chemistry routes and confined epitaxial growth.
First, precursor solutions with a composition that can be tuned in order to fill the polymer template
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nanopores by capillary forces were used in step 1 in Fig. 9. The confinement imposed by the polymer
template in high aspect ratio nanopores induced the formation of e-MnO2 nanoparticles at low temper-
atures (�500 �C) during the calcination of the precursor solution, step 2 in Fig. 9. These e-MnO2 phase
nanoparticles served as seeds for the further growth of manganate nanowires at higher temperatures, once
the polymer template has been eliminated. The synthesis of manganate structures required sufficiently

Fig. 8 (a) Schematics of the different stages during the formation process of La0.7Sr0.3MnO3 vertical nanorods on STO or
LAO substrates. (1) Track-etched nanoporous polymer template supported on a LAO or STO substrate filled with the
La0.7Sr0.3MnO3 precursor solution. (2) At mild temperatures (500–600 �C), the polymer template is decomposed as
thermogravimetric analysis indicates. Thus, surface was fully covered with vertical amorphous nanorods that kept the position
of initial pores. (3) At high temperatures (800 �C), the crystallization on La0.7Sr0.3MnO3 nanorods is promoted. (b) Tilted
FEG-SEM image of La0.7Sr0.3MnO3 vertical nanorods grown on top of a (100)-STO substrate. La0.7Sr0.3MnO3 nanorods have
a 250 nm of diameter and a density of 1 � 108 cm�2. (c) FEG-SEM enlarged image of La0.7Sr0.3MnO3 nanorods with a
diameter of 250 nm grown on top of a STO single crystal. The inset shows a FEG-SEM image showing the top view details of
La0.7Sr0.3MnO3 nanorod grain size (Reproduced with permission from The Royal Society of Chemistry (RSC) on behalf of the
Centre National de la Recherche Scientifique (CNRS) and the RSC)
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Fig. 9 (a) Schematics of the different stages of the crystallization process of single-crystalline OMS nanowires on silicon. (1)
Track-etched nanoporous polymer template supported on a SiO2/Si substrate filled with the chemical precursor solution
allowing a homogeneous distribution of Ba2+ or Sr2+ melting agent. (2) At mild temperatures (500–600 �C) MnO2

nanoparticles nucleated and stabilized due to the confinement in high aspect ratio nanopores (see inset HRTEM images
showing the nucleation of MnO2 nanoparticles in confined precursor nanorods). (3) Next devitrification of the SiO2 layer and
nucleation of a-quartz took place at the interface where epitaxial growth of OMS nanowires on the quartz is promoted at high
temperatures (800 �C). FEG-SEM image of (b) LaSr-2 � 4 OMS nanowires, (c) Ba1+dMn8O16 nanowires, (d) Sr1+dMn8O16

nanowires, and (e) SrBa1+dMn8O16 nanowires grown on silicon substrate (Reproduced with permission from The Royal
Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the RSC)
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high temperatures to enhance atomic mobility and, thus, to allow the diffusion of the alkaline earth and
rare earth cations into the empty 1D channels of the e-MnO2 structure.

The second essential requirement for the growth of manganese oxide-based OMS nanowires on silicon
is the role of the a-quartz layer acting as an epitaxial template for the stabilization of the nanowires.
a-quartz thin films were obtained after thermally activated devitrification of the native amorphous silica
surface layer assisted by the heterogeneous catalysis driven by alkaline earth Sr2+ cations present in the
precursor solution [14]. This polycrystalline a-quartz film rendered the convenient interface lattice
matching to the complex oxide nanostructures for the epitaxial growth of vertically oriented LaSr- 2 �
4 manganate nanowires at 800 �C, step 3 in Fig. 9, as revealed by scanning transmission electron
microscopy (STEM) analysis.

The proposed unit cell of LaSr-2� 4 nanowires based on the X-ray diffraction and STEM analysis was
monoclinic with lattice parameters a= 13.8 Å, b= 5.7 Å, c= 21.8 Å, and b= 101 � where the long axis
of the nanowires is along the b crystallographic direction. High-resolution TEM images revealed that the
orientation relationship can be described as (010) LaSr-2 � 4//(010) a-quartz and an in-plane epitaxial
relationship given by [20–2] LaSr-2 � 4// [�101] a-quartz. Interestingly, these synthesized LaSr-2 �
4 nanowires exhibited ferromagnetic ordering with strongly enhanced Curie temperature (Tc > 500 K)
that probably results from the new crystallographic order between the La3+ and Sr2+ cations ordered inside
the 2 � 4 1D channels defined by the MnO6 octahedral and from the mixed valence of manganese [16].

This synthetic approach based on track-etched polymer templates technology combined with a
chemical solution deposition route provides direct access to the monolithic integration of composition
controlled vertical OMS nanowires, epitaxially grown on silicon substrates. As a result, this procedure has
been successfully extended to other nanowire compositions including Ba1+dMn8O16, Sr1+dMn8O16, and
(BaSr)1+dMn8O16 [17], as displayed in Fig. 9.

The directional growth of LaSr-2 � 4 nanowires when using gadolinium-doped CeO2 substrates with
the fluorite structure illustrates the determinant influence of the substrate on the nanostructure character-
istics [18]. In this case, using the same growth method described above at temperatures above 1,000 �C,
the system evolved toward its equilibrium state to form horizontal and oriented LaSr-2 � 4 nanowires
with the [010] nanowire’s longitudinal axis parallel to the [110] and [1–10] directions of the substrate. The
large intrinsic anisotropy of the monoclinic LaSr-2 � 4 structure is what promoted the 1D growth along
the nanowire [010] direction (the direction of the smallest interplanar distance). This fact combined with
the low isotropic residual misfit along the<110> directions of the CeO2 substrate (the estimated residual
misfit is of 0.74 %) permitted the self-assembly of LaSr-2 � 4 nanowires along these directions [18].

The Template-Assisted U-Tube Method
The template-assisted U-tube method is an excellent illustration on how the pores of a nanoporous hard
template may act as nanoreactors. In this case, it is possible to fabricate 1D oxide materials in a more
responsible and environmentally friendly manner. This approach is based on using a double-diffusion
setup in which a desired membrane is sandwiched between the precursor half-cells of a U-shaped tube, as
schematically shown in Fig. 10. Precursor solutions are suitably added to both sides of the so-called
U-tube cell. The diffusion causes the precursor ions to enter into the pore channels where they react,
thereby, forming 1D structures (nanorods or nanotubes) [19]. In this case, the template nanopores also act
as nanoreactors. This technique is readily compatible with a variety of common chemical reactions, such
as reduction of metal precursors or precipitation reactions, therefore, offering the possibility to synthesize
a wide range of nanomaterials.

The U-tube setup has been used to grow high purity single-crystalline BaWO4 nanorods and BaCrO4

nanorods at large scale with different controllable size [19]. Alumina template membranes with pore sizes
of 100 nm or 200 nm were mounted between the two halves of a U-tube cell. The half-cells were then
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filled with equimolar solutions of Ba(NO3)2 and either Na2WO4 or Na2CrO4 solutions to generate barium
tungstate and barium chromate, respectively. After immersion times of up to 12 h at room temperature, the
precursors diffused into the nanopores of the alumina template, resulting in the nanorods formation.

Template-Assisted Electrophoretic Deposition
The use of template-based electrophoretic deposition has been demonstrated to be a very effective way to
grow nanowires and nanotubes of complex oxides. Electrochemical deposition, also known as electro-
deposition, involves the oriented diffusion of charged reactive species through a solution when an external
electric field is applied along with the reduction of the charged growth species at the growth or deposition
surface (which also serves as an electrode). A thin conducting metal film is first coated on one side of the
porous membrane to serve as the cathode for the electroplating. In general, this method is only applicable
to electrically conductive materials such as metals, alloys, semiconductors, and electrically conductive
polymers. In the case of simple oxides, electrodeposition of the metal into the pores is followed by
oxidation. Examples of this method are ZnO, In2O3, and SnO2 nanowires.

However, direct electrodeposition is not suitable for multicomponent oxide nanowires as different
cations would have different ionic sizes and diffusivity. Therefore, the electrophoretic deposition tech-
nique has been widely explored, particularly for the deposition of ceramic and organo-ceramic materials
onto a cathode from colloidal dispersions. When dispersed in a polar solvent or an electrolyte solution, the
surface of nanoparticles develops an electrical charge. Upon the application of an external electric field,
charged particles are set in motion, as illustrated in Fig. 11. This type of motion is referred to as
electrophoresis. Electrophoresis in the nanopores of a template offers a cost-effective and simple
alternative to synthesize 1D complex oxide nanostructures.

Limmer et al. combined sol–gel preparation with electrophoretic deposition to produce nanorods of
various complex oxides [20]. In this case, a conventional sol–gel processing was applied to the synthesis
of various sols. By controlling the appropriate preparation of the sol, nanometer particles of a desired

Array of ABO4 nanorods

Isolated ABO4 nanorods

processing steps

Alumina membrane
interface :
nanorod
formation

A2+

A2+

A2+

BO4
2−

BO4
2−

BO4
2−

a
b

c

Fig. 10 (a) Schematic representation of the U-tube setup to synthesize 1D oxide nanostructures in which a wide variety of
precursor solutions can react within the nanosized pores of a membrane, often composed of anodic alumina or polycarbonate.
Typical SEM micrographs of (b) BaWO4 nanorods and (c) BaCrO4 nanorods grown by this method (Reprinted with
permission from Ref. [19]. Copyright (2004) American Chemical Society)
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stoichiometric composition were formed and electrostatically stabilized by pH adjustment. Using radia-
tion tracked-etched polycarbonate membranes with an electric field of � 1.5 V/cm, they could grow
nanowires with diameters ranging from 40 nm to 175 nm and lengths of 10 mm, corresponding to the
thickness of the membrane. Samples were then dried at �100 �C for several hours and then placed in an
oven and fired at 700 �C for 1–30 min. This step was set to burn off the PC membranes, to make the
nanorods dense and to crystallize the material. Nanowires of many technologically important oxides like
BaTiO3 and Pb(Ti,Zr)O3 perovskites and of the layered perovskite Sr2Nb2O7 have been prepared by this
method.

In this context, PbZrO3 nanotubes where produced by using electrophoresis in AAO templates
[21]. The difference in the final nanostructures may be related to the different electrochemistry, according
to the type of template used.
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Fig. 11 (a) Diagram of the experimental setup used for growth of nanowires by sol–gel electrophoresis. One electrode is a Pt
mesh, and the other electrode is Al. The PC membrane is attached to this electrode with a piece of double-sided conductive
(carbon) tape to provide a conductive path. This electrode is placed on top of and just in contact with the sol, and the sol is
drawn into the membrane pores by capillary action. (b) Schematic showing the filling process. Positively charged sol particles
(blue spheres) are moving electrophoretically toward the negative electrode, depositing at the bottom of the pore, while the
negatively charged counterions (red spheres) are moving in the opposite direction (Adapted from Ref. [20])
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