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Nanoscale structures, such as nanoparticles, nanorods, nanowires, nanocubes, and nanotubes,

have attracted extensive synthetic attention as a result of their novel size-dependent properties.

Ideally, the net result of nanoscale synthesis is the production of structures that achieve

monodispersity, stability, and crystallinity with a predictable morphology. Many of the synthetic

methods used to attain these goals have been based on principles derived from semiconductor

technology, solid state chemistry, and molecular inorganic cluster chemistry. We describe a

number of advances that have been made in the reproducible synthesis of various ternary oxide

nanomaterials, including alkaline earth metal titanates, alkali metal titanates, bismuth ferrites,

ABO4-type oxides, as well as miscellaneous classes of ternary metal oxides.

1. Introduction

The family of nanomaterials, i.e. structures with at least one

dimension between 1 nm and 100 nm, includes a host of

substances, such as nanoparticles, nanocubes, nanorods,

nanobelts, nanosheets, nanowires, and nanotubes.1–9 They

are fundamentally interesting due to their fascinating size-

dependent optical, electronic, magnetic, thermal, mechanical,

and chemical properties, which are distinct from their bulk

counterparts as well as from the atomic or molecular

precursors from whence they were derived. From the point of

view of applications in areas ranging from energy storage, fuel

cells, nanomedicine, molecular computing, nanophotonics,

tunable resonant devices, catalysis, and sensing, it is widely

believed that nanoscale materials possess intriguing properties

that are comparable to or superior to those of bulk.10,11

For instance, one-dimensional (1-D) nanomaterials with

their inherent anisotropy are the smallest dimension structures

that can be used for the efficient transport of electrons and

optical excitations.12–17 As such, they are applicable as

building blocks for the assembly of the next generation of

molecular electronic and computational devices, equipped with

high-density information storage. To carefully study and

exploit the potential and possibilities associated with nano-

materials, the key point is to create well-defined, monodisperse

structures of predictable size, shape, crystallinity, and mor-

phology through a straightforward synthesis. Most impor-

tantly, from our perspective as chemists, these materials need

to be controllably generated with a reliable and reproducible

chemical protocol to deliver high quantities and yields with an

exceptional degree of purity. It is critical to attain these

objectives as the creation of novel, functional systems with
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desirable properties often relies on taking advantage of

complementary interconnectivity amongst the various nano-

scale components.

Many of the synthetic methods used to attain these goals

have been based on principles derived from semiconductor

technology, solid state chemistry, and molecular inorganic

cluster chemistry. The most popular techniques4,10,18–23 include

nanostructure formation through a chimie douce solution

chemistry methodology, a sol-gel processing mechanism, the

use of microemulsions, the utilization of hydrothermal and

solvothermal methods, the kinetic control of growth through

the use of capping reagents, the application of template-

inspired methodologies, and lastly, biomimetic syntheses.

To date, much of the synthetic effort has been directed

toward the generation of carbon nanostructures and semicon-

ducting quantum dot-type nanostructures. Metal oxides, in

particular, represent one of the most diverse classes of materials,

with important structure-related properties. Many exhibit

superconductivity, ferroelectricity, magnetism, colossal magne-

toresistivity, conductivity, and/or gas-sensing capabilities. It is

evident that the synthesis of metal oxide nanostructures will

lead to key developments in the construction of devices.

Specifically, comparatively little work has been performed

on the fabrication of technologically important ternary metal

oxide nanostructures, which has hindered detailed experi-

mental investigations on the size-dependent properties of these

oxide materials. Developing approaches to prepare and scale

up new synthetic formulations of these oxide nanostructures

has been the recent focus of our efforts.

While there are a few existing review articles concerning the

synthesis of non-carbonaceous nanomaterials,3,12,14,24–26 these

tend to focus on metallic, semiconducting, and/or binary oxide

nanoparticles. In the current manuscript, we discuss recent

advances in the synthesis of various ternary oxide nanomater-

ials with a particular emphasis on perovskite materials and

with a special focus on efforts in our group. Specifically, we

initially consider alkaline earth metal titanates (Section 2),

proceed with a discussion of alkali metal titanates (Section 3),

deal with bismuth ferrites (Section 4), consider ABO4-type

oxides (Section 5), and lastly, conclude with a reflection on a

broad range of other classes of ternary oxide materials (Section

6). Hence, in each section of this review, we focus on a

particular class of ternary oxide nanomaterials, highlight its

importance and industrial applicability, and then proceed to

discuss recent advances in their rational synthesis. A summary

and outlook of this review is given in Section 7.

2. Nanostructures of alkaline earth metal titanates

2.1. Introduction

Alkaline earth metal titanates, including BaTiO3, SrTiO3,

CaTiO3, and their associated non-stoichiometric complexes,

(Ca, Sr, Ba)TiO3, are important ferroelectric perovskite

materials. In general, ferroelectric materials possess a low

symmetry which gives rise to a spontaneous polarization along

one or more crystal axes.27 Thermodynamically stable, these

different polarization states can be switched from one to the

other by the application of an external field known as the

coercive field, Ec. This intrinsic ability of ferroelectric materials

to switch their polarization direction between two stable

polarized states provides the basis for binary code-based non-

volatile ferroelectric random-access memories (NVFRAMs).

Compared with bulk ferroelectrics, low-dimensional nanoscale

ferroelectric structures may increase the storage density of

NVFRAMs by as much as a factor of 5.28 These anticipated

benefits hinge on whether phase transitions and multi-stable

states still exist in low-dimensional systems, such as nanopar-

ticles and nanorods.

Specifically, ferroelectric perovskite-type oxides, with a

general formula of ABO3, are noteworthy for their advanta-

geous dielectric, piezoelectric, electrostrictive, pyroelectric, and

electro-optic properties with corresponding applications in the

electronics industry for transducers, actuators, and high-k-

dielectrics.29–31 Understanding the behavior of and the prepa-

ration of these ferroelectric materials with structure-dependent

physical properties, at the nanoscale, are of importance to the

development of molecular electronics.31–33 In particular, these

materials find applications in non-volatile memory, dynamic

random access memory (DRAM), field-effect transistors,

electro-optic devices, electromechanical devices, and logic

circuitry.34,35 In particular, ferroelectric nanotubes made of

oxide insulators have a variety of applications in terms of

pyroelectric detectors, piezoelectric ink-jet printers, fluidic

devices, and memory capacitors, which cannot necessarily be

fulfilled by nanotubes created from other materials.

2.2. Nanoscale perovskite production—barium titanate and

strontium titanate

Ferroelectric perovskite oxides, including BaTiO3 and SrTiO3,

exhibit large non-linear optical coefficients and large dielectric

constants.36–38 Their novel physical properties often result
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from strong electron–electron interactions. Because these

effects are dependent on structure and finite size (e.g. the

ferroelectric transition temperature of isolated grains may

decrease for average grain parameters of about 200 nm),38,39

considerable effort has been expended in the controllable

synthesis of crystalline materials and of thin films of these

ferroelectric oxides. In view of the scientific importance of these

materials, it is not surprising that a wide variety of approaches

aimed at their nanoscale synthesis have been reported.

Previous work in synthesizing these materials has been

associated with a number of different routes.40 For instance,

free-standing 10–30 nm nanoparticle films of Pb(Zr, Ti)O3

(PZT) have been prepared by a modified sol-gel method.41

Monodisperse nanoparticles of barium titanate, with dia-

meters ranging from 6 to 12 nm, have been synthesized

through a generalized injection-hydrolysis procedure.42 In

addition, well-isolated BaTiO3 and SrTiO3 nanorods with

diameters ranging from 5 to 60 nm and lengths reaching up to

10 microns have been prepared by the solution-phase

decomposition of bimetallic alkoxide precursors in the

presence of coordinating ligands (Fig. 1).43,44 Scanning probe

investigations45 later showed that non-volatile electric polari-

zation could be reproducibly induced and manipulated on

these nanowires and nanorods, thereby demonstrating that

nanowires as small as 10 nm in diameter could retain

ferroelectricity (Fig. 1).

A low temperature direct synthesis (LTDS) method46 between

Ba and Ti ions was established to synthesize BaTiO3 crystallites

with particle sizes of around 10 nm; synthetic conditions for

barium titanate formation involved temperatures greater than

50 uC and Ba:Ti atomic ratios higher than 5:1. Very recently, a

non-aqueous route47 to the preparation of nanocrystalline

BaTiO3, SrTiO3, and (Ba, Sr)TiO3 nanoparticles in the sub-

10 nm size range has been developed (Fig. 2). In this procedure,

Fig. 1 (a) Transmission electron microscopy (TEM) image of BaTiO3

nanowires, showing that the reaction produces mostly nanowires and

minor quantities (y10%) of nanoparticle aggregates. (b) TEM image

of a 30 nm diameter BaTiO3 nanowire along with two convergent

beam electron diffraction (CBED) patterns shown as insets. The circles

represent the region where the CBED patterns are obtained. Analysis

of the CBED patterns shows that the nanowire is single crystalline with

the [100] direction aligned along the wire axis. (c) Schematic diagram

illustrating the experimental geometry for reading and writing local

areas of polarization of a nanowire. (d) Plot of the fractional shift in

the cantilever resonance frequency [Dn/n = (n0 2 n)/n0] as a function of

the writing voltage (Vtip) that illustrates a hysteresis behavior of

polarization switching. The electrostatic force felt by the tip and hence

the magnitude of electric polarization on the nanowire is directly

proportional to Dn/n. Each data point in the plot was obtained by

applying the writing voltage for 3 min and subsequently measuring the

shift in the cantilever resonance frequency at Vtip = 22 V. The Vtip scan

sequence was from 0 to 210 V (arrow 1), 210 V to +10 V (arrow 2), and

+10 V to 210 V (arrow 3). The distance between the tip and the top

surface of the nanowire was 10 nm during the writing procedure and

35 nm during the reading procedure. Reprinted with permission from

reference 44. Reproduced with permission of Wiley-VCH.

Fig. 2 Representative TEM micrographs of as-synthesized BaTiO3

nanoparticles. (a) An overview image proves the exclusive presence of

BaTiO3 nanoparticles without the presence of larger particles or

agglomerates; (b) selected area electron diffraction (SAED) pattern; (c)

and (d) high-resolution TEM (HRTEM) images of isolated BaTiO3

nanocrystals. Reprinted with permission from M. Niederberger,

G. Garnweitner, N. Pinna, and M. Antonietti, J. Am. Chem. Soc.,

2004 126, 9120. Copyright 2004 American Chemical Society.
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a one-pot reaction process, elemental alkaline earth metals are

directly dissolved in benzyl alcohol at slightly elevated tempera-

tures. After the addition of titanium(IV) isopropoxide, the

reaction mixture is heated to 200 uC, resulting in the formation

of crystalline product, which is believed to be produced mainly

via a novel pathway involving C–C bond formation between

benzyl alcohol and an isopropanolate ligand.

BaTiO3 and PbTiO3 nanotubes, with an outer diameter of

200 nm and a length of up to 50 microns, have been prepared

using a sol-gel template methodology, which produces

aggregated ‘‘spaghetti-like’’ tangles (Fig. 3).48 Others have

reported several different, analogous deposition techniques,

including misted chemical solution deposition and uniform

pore wetting of porous alumina templates48 or macroporous

silicon, to fabricate ferroelectric nanotubes of various compo-

sitions with structures as small as 20 nm.48–51 Template

techniques have also been used to fabricate core-shell

nanowires of PbZr0.52Ti0.48O3 with diameters ranging from

50 nm to several microns and with lengths over 100

microns; this synthesis was performed through an epitaxial

deposition of the desired transition metal oxides onto

vertically aligned, ordered arrays of single-crystalline MgO

nanowires.52

Hydrothermal media53–57 provide an effective reaction

environment for the synthesis of numerous ceramic materials

because of the combined effects of solvent, temperature, and

pressure on ionic reaction equilibria. In particular, the

properties of phase-pure ceramic powders can be controlled

by varying temperature, pressure, reactant concentrations, pH,

and other similar variables. Lu et al.58 have synthesized

BaTiO3 nanocrystals measuring 78 to 83 nm using a

hydrothermal method in the presence of Tween 80 surfactant

at 230 uC for 0.5 to 2 h. In fact, in our group, small, isolated

crystalline BaTiO3 and SrTiO3 nanotubes with an inner

diameter of y4 nm, an outer diameter of y8 nm, and a

length of about several hundred nanometres have been

assembled through a low-temperature hydrothermal reaction

by using titanium oxide nanotubes as a bona fide precursor

material.59 Han et al. recently described60 the growth of single-

crystalline tetragonal perovskite PbZr0.52Ti0.48O3 nanorods

and nanowires by a hydrothermal process, assisted by

poly(acrylic acid) and poly(vinyl alcohol).

2.3. Molten salt synthesis of barium titanate, strontium titanate,

and calcium strontium titanate nanomaterials

The majority of these aforementioned methods yield relatively

small quantities of the desired nanostructures, and further-

more, in most cases, extremely toxic, expensive, and unstable

organometallic precursors are also employed. Thus, the

development of gram-scale and environmentally benign

synthetic methods with reproducible shape control is of

paramount importance if the full potential of these materials

is to be realized.

To this end, a large-scale and facile solid-state reaction by a

molten salt process has been proposed61 by our group as a

means of preparing single-crystalline BaTiO3 and SrTiO3

nanostructures in an NaCl medium at 820 uC in the presence of

a non-ionic surfactant. In a typical synthesis, barium or

strontium oxalate (depending on the desired nanostructure),

TiO2 (anatase), NaCl, and NP-9 (nonylphenyl ether) were

mixed (molar ratio 1:1:20:3), ground for 25 min, and finally

sonicated for 5 min. The mixture was then placed in a quartz

crucible, inserted into a quartz tube, annealed at 820 uC for

3.5 h, and subsequently cooled to room temperature. Samples

were collected, washed several times with distilled water, and

dried at 120 uC overnight in a drying oven. We could easily

and routinely scale up this process to produce grams of single-

crystalline BaTiO3 and SrTiO3 nanomaterials.

In fact, the molten salt synthesis (MSS) method described in

the previous paragraph has been utilized as a simplistic

methodology for producing ceramic oxide powders of varying

morphologies and stoichiometries. Titanates, ferrites, niobates,

and other perovskites represent a few examples of oxides that

can be readily prepared by this process. Alterations in the

amount and properties (e.g. anion size and solubility) of the

salt utilized can have a profound effect on growth and reaction

Fig. 3 Scanning electron microscopy (SEM) images of perovskite

nanotubes formed during sol-gel template synthesis using 200 nm

alumina template membranes. (a) Side view showing bundle formation

after the removal of the template. (b) Top view of PbTiO3 bundle

illustrating formation of open tubes with an outer diameter of 200 nm.

With both materials, the nanotubes are 50 mm in length, which is the

thickness of the template membrane. Reprinted with permission from

reference 48. Copyright 2002 American Chemical Society.
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environments with consequences for the resultant shape,

morphology, and physicochemical characteristics of the

particles formed.2,62

In our laboratory, we have used the MSS technique to

prepare pristine BaTiO3 nanowires with diameters ranging

from 50 to 80 nm and an aspect ratio larger than 25 : 1, as well

as single-crystalline SrTiO3 nanocubes with a mean edge length

of 80 nm (Fig. 4). As noted, we found it to be a simple, readily

scaleable (in terms of grams) solid-state reaction in the

presence of NaCl and a non-ionic surfactant. What determines

the final shapes of these nanostructures may be the relative

growth rates on the (100) vs. the (111) crystallographic planes,

which in turn depends on the relative specific surface energies

associated with the facets of the crystal. Although the

fundamental basis of shape selectivity for this system is not

as yet fully known, the preferential adsorption of molecules

and ions in solution, such as chloride, to different crystal faces

likely directs the growth of nanoparticles to their ultimate

product morphology by controlling the growth rates along the

different crystal faces.19,63,64 Recent reports have demon-

strated the importance of Cl2 ions, which are selectively

adsorbed onto the (001) and (111) faces, in dramatically

controlling the shape of copper nanocrystals.64,65

Furthermore, this simple molten salt synthetic method

recently has been extended to the preparation of a series of

single-crystalline Ca12xSrxTiO3 (0 ¡ x ¡ 1) nanoparticles

(Fig. 5).66–69 The composition of the resulting nanoparticles is

reproducibly tunable by adjusting the ratio of the reactants.

Shapes of the generated Ca12xSrxTiO3 nanoparticles alter

from cubes to quasi-spheres with decreasing ‘x’ values. Typical

nanoparticles have sizes ranging between 70 and 110 nm,

irrespective of the Sr or Ca content. Our powder X-ray

diffraction (XRD) results from these Ca12xSrxTiO3 (0 ¡ x ¡

1) nanoparticles are consistent with the sequence of phase

transitions with increasing Sr content in the Ca12xSrxTiO3

system as progressing from orthorhombic (Pbnm) to orthor-

hombic (Bmmb) followed by tetragonal (I4/mcm) and ulti-

mately to cubic (Pm3m) when x = 1, as previously observed for

the bulk.70 Although this phase transition sequence still

requires further study to confirm its validity, the implications

of this result are that the physical properties of Ca12xSrxTiO3

nanoparticles can be controllably modified by adjusting the

composition. As an example of the significance of this

synthetic capability, the availability of nanosized

Ca0.7Sr0.3TiO3 particles may enhance the material’s existing

usage as an efficient dielectric barrier for the plasma-induced,

catalyst-free decomposition of CO2.71

3. Nanostructures of titania and of alkali metal

titanates

3.1. Introduction

Titanium oxide (titania: TiO2) is a wide band gap material

(3.0–3.2 eV), which exists in three main crystalline phases:

anatase, rutile, and brookite. These materials have been

utilized as components of applications including but not

limited to batteries, photovoltaic cells, advanced photo-

catalysts for environmental purification, pigments, cosmetics,

photonics, optoelectronic devices, and gas sensors, partly due

to their low cost, chemical stability, and robustness under UV

illumination.72–75 Titania nanotubes, nanowires, and nano-

particles are particularly interesting, because their catalytic

activity is dependent on particle size, surface area, and

porosity.76

Titania does not intrinsically exhibit a lamellar feature, since

the strong ionic interactions keep the metal cations and oxygen

anions together. As such, the observation of layered walls in

titania nanotubes has been a source of controversy, especially

since there have been reports that the nanotubes may actually

consist of lepidocrocite-type protonic titanates.77,78

Alkali metal titanates have the general formula of

A2TinO2n+1 or A2O?nTiO2 (A = alkali metal ion or proton,

n = 1–9) and display a number of interesting catalytic,

conductive, and intercalation properties depending on the

value of ‘n’. Apart from being chemically stable, what is

interesting about titanates is that because they are analogous

to charged polyelectrolytes, they can be delaminated to form

exfoliated nanosheets, which are useful as building blocks for

new materials. For instance, nanocomposites of inorganic

layered hosts with bulky guests have been prepared by

assembling nanosheets in their presence. These guest systems

Fig. 4 SEM images of as-prepared (A) BaTiO3 nanowires and (B)

SrTiO3 nanocubes. (C) Typical TEM micrograph of a BaTiO3

nanowire. (D) HRTEM image of a portion of the nanowire in (C).

Inset of (D) is the SAED pattern of a BaTiO3 nanowire. (E) TEM

micrograph of an individual SrTiO3 nanocube. (F) HRTEM image of

(E), showing the crystal lattices, corresponding to the cubic phase.

Inset of (F) is the corresponding SAED pattern of the as-synthesized

SrTiO3 nanocubes. Reprinted with permission from reference 61.

Copyright 2004 American Chemical Society.
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have ranged from organic polymers, polyoxocations to

biocatalytic hemoglobin.79,80 Moreover, layer-by-layer manip-

ulation and other self-assembly techniques have been used to

construct thin films and other more complicated

functional assemblies.81–83 In particular, trititanate

nanotubes are of significant fundamental interest because

one-dimensional channels and interlayer spaces coexist in these

systems.84,85 An example is the H-form of trititanate, H2Ti3O7,

a potential proton-conducting fuel cell electrolyte.86 Alkali

metal titanates have become important for their exciting

photocatalytic capabilities (including their ability to photo-

cleave water) and their ion-exchange/intercalation proper-

ties.87–89 As a result of the wide range of valued functional

properties in these materials, it is important to rationally

control the size, morphology, and assembly of titania and

titanate nanostructures.

Fig. 5 SEM images of as-prepared Ca12xSrxTiO3 nanoparticle samples: (a) SrTiO3, (b) Ca0.3Sr0.7TiO3, (c) Ca0.5Sr0.5TiO3, (d) Ca0.7Sr0.3TiO3, and

(e) CaTiO3. (f) Energy-dispersive X-ray spectroscopy (EDS) data of the as-synthesized Ca12xSrxTiO3 nanoparticles. (#1) SrTiO3, (#2)

Ca0.3Sr0.7TiO3, (#3) Ca0.5Sr0.5TiO3, (#4) Ca0.7Sr0.3TiO3, and (#5) CaTiO3. Labels are identical for (i), (j), and (k). The intensity of the peaks for

each sample has been normalized based on the intensity of the Ti peak. (g) A typical TEM image of the as-prepared Ca0.5Sr0.5TiO3 nanoparticle

sample. (h) HRTEM image of a Ca0.5Sr0.5TiO3 nanoparticle. (i) XRD patterns of as-prepared Ca12xSrxTiO3 nanoparticle samples in the 2h range

of 10 to 80u. (j) The 2h diffraction peak around 32.5u for the samples of all five compositions. These illustrate a gradual increase in lattice parameter

observed as a function of increasing calcium concentration in Ca12xSrxTiO3 nanoparticles. (k) The 2h diffraction peaks centered at 40u for the

samples of all five compositions, showing the phases of as-prepared Ca12xSrxTiO3 nanoparticles varying from cubic to tetragonal to orthorhombic

with decreasing ‘x’ content. Reprinted with permission from reference 69. Reproduced with permission of Wiley-VCH.
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3.2. Synthetic approaches to 1-D nanostructures

Indeed, a number of syntheses of 1-D nanostructures of

titanates and titanium dioxide and their related two-dimen-

sional (2-D) arrays have been achieved in recent years. The

main preparative methods can be broadly divided into four

approaches. The first involves the template method in which

tubulous TiO2 nanostructures have been made by using

alumina, polycarbonate, or organogel templates combined

with a sol-gel polymerization in the presence of an aqueous

solution system of titanium tetrafluoride or titanium isoprop-

oxide.90–94 The second is associated with an anodic oxidation

method, wherein TiO2 nanotubes are fabricated by anodic

oxidation of a pure titanium foil in an aqueous solution

containing 0.5 to 3.5 wt% hydrofluoric acid with a platinum

counter electrode at anodization voltages ranging from 10 to

20 V for up to 45 min.74 The third is related to electrospinning.

For instance, long, hollow nanofibers with uniform circular

cross-sections and with walls made of inorganic–polymer

composites can be prepared by the electrospinning of two

immiscible, precursor liquids through a coaxial, two-capillary

spinneret followed by selective removal of the cores.95 The last

and most controversial method is associated with a hydro-

thermal treatment, in the presence of concentrated NaOH, of

either (i) TiO2 in either bulk, powder, or nanoparticle form or

(ii) a TiOSO4?H2O solution at temperatures in the range of 100

to 160 uC, which tends to produce layered titanate nanos-

tructures (Fig. 6).77,78,84,85,96–102

The hydrothermal synthetic approach merits a more detailed

discussion. It was initially proposed by Kasuga et al.96 that

hydrothermal recrystallization of TiO2 particles in concen-

trated aqueous NaOH solution could routinely produce high

purity anatase TiO2 nanotubes. In effect, it was concluded that

washing the alkali-treated sample with water and further

reaction with HCl were the two crucial steps in the formation

of these types of nanotubes. This was a highly interesting result

for a very important reason. While this technique tended to be

more applicable to the generation of morphologies of layered

structures such as C, BxCyNz, MS2 (M = Mo, W, Nb, Ta),

NiCl2, vanadium oxide, InS, and Bi nanotubes, many

important non-layered metal oxides such as TiO2, MnO2,

ZrO2, and Nb2O5 have generally required the use of templates

(e.g. carbon nanotubes or anodic alumina oxide) to provide for

spatial confinement of the as-generated nanostructures. Hence,

controversy arose as to the exact physical and chemical

composition of these TiO2 nanomaterials.

For instance, based on XRD and high-resolution transmis-

sion electron microscopy (HRTEM), Chen et al.84,85 proposed

that the product, synthesized by Kasuga et al.,96 was actually

not titania but rather consisted of rolled up individual layers

derived from a H2Ti3O7 structure with a C-centered mono-

clinic unit cell with a = 1.603, b = 0.375, c = 0.919 nm, and b =

101.45u. However, the presence of protons in the interlayer

space could not be detected by HRTEM in their work. Thorne

et al.103 suggested that the stoichiometry of the material was

H2Ti3O7?0.8H2Oabs on the basis of thermal analysis, and

confirmed the presence of structural protons and of trapped

water molecules by solid-state nuclear magnetic resonance

(NMR) spectroscopy. Ma et al.81,104 studied the structural

characteristics of high-purity nanotubes and nanobelts, con-

trollably obtained in hydrothermal treatments, of varying

temperature and duration, of anatase TiO2 in concentrated

NaOH solution. By employing XRD, Raman, X-ray absorp-

tion fine structure, and electron diffraction analyses, their

results revealed that these nanotubes and nanobelts may

actually be comprised of a layered titanate structure, more

specifically pertaining to an orthorhombic lepidocrocite

titanate nanotube model. Similarities and differences amongst

the various nanotubes/nanobelts and other bulk titanates,

represented by trititanate H2Ti3O7 and lepidocrocite-type

H0.7Ti1.825 0.175O4.0?H2O, were also described.

3.3. Three-dimensional nanostructures

One way of further assembling a wide range of these titania

and titanate nanostructures is using the bottom-up approach.

Many applications involving TiO2 and titanate require their

organization into three-dimensional (3-D) structures, espe-

cially as monodisperse colloids, which are technologically

significant in a broad range of applications, including but not

limited to drug delivery vehicles, fillers, sensors, catalysts, and

photonics.105 Whereas, to date, there has not been a published

report on generating 3-D assemblies of titanate nanostruc-

tures, four sets of approaches have been developed to generate

micron as well as submicron-sized structures of TiO2. The first

technique generates monodispersed spherical colloids of titania

by using a modified sol-gel method with glycolated precur-

sors.106 A second process produces hollow titania spheres from

a layered precursor deposition on sacrificial colloidal core

particles.107 A third procedure involves the use of an

ionic liquid-based synthesis of hollow TiO2 microspheres in a

Fig. 6 TEM images of the samples. (a) H-titanate fibers, (b) HRTEM

image of the fibers, (c) the product of the phase conversion reaction at

373 K, a titanate fiber covered with anatase crystals, and (d) the

product obtained at 393 K, fibril aggregates of anatase nanocrystals.

Reprinted with permission from reference 101. Copyright 2004

American Chemical Society.
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single-step reaction.108 A fourth method uses a simple ‘one-

pot’ reaction to prepare hollow anatase nanospheres via

Ostwald ripening under hydrothermal conditions.109

Nevertheless, none of this prior work can truly create

organized self-assemblies with particular, long-range function-

ality in any timely fashion.

In our laboratory, we have developed a general synthetic

strategy aimed at the preparation of ordered structural motifs

of anisotropic titanate and TiO2 structures at the mesoscopic

level. Briefly, we have adapted a template-free hydrothermal

reaction to produce titanate precursors and followed that

protocol with an in situ chemical transformation to synthesize

anatase titania (Fig. 7). Essentially, our work describes the

preparation of 3-D dendritic assemblies of individual titanate

and titania 1-D nanostructures; these 1-D nanostructures

individually measure several hundreds of nanometers in length

and up to several nanometers in diameter. These hierarchical

structures have been produced using a general redox strategy

combined with a hydrothermal reaction involving a titanium

source (e.g. either Ti foil or Ti powder), a basic NaOH or

KOH solution, and an oxidizing H2O2 solution. Whereas a

similar study was limited exclusively to the formation of titania

nanorods on a Ti plate surface,110 by contrast, we have been

able to readily generate large quantities of discrete urchin-like

structures not only of both titanate and titania 1-D nanos-

tructures but also in different reaction media simultaneously,

including in solution and on the surfaces of our Ti reagent foils

and powders. Put another way, we have for the first time

generated 3-D dendritic assemblies of (a) potassium hydrogen

titanate, (b) sodium hydrogen titanate, (c) hydrogen titanate,

and (d) anatase titania in solution and on surfaces.

Typically, as-prepared 3-D assemblies of titanate and titania

1-D nanostructures have overall diameters ranging from 0.8 mm

to 1.2 mm, while the interior of the aggregates are hollow with a

diameter range of 100 to 200 nm, resembling the microscopic

variant of a sea urchin with spines. The component,

constituent titanate and anatase titania 1-D nanostructures

have a diameter range of 7 ¡ 2 nm and possess lengths of up

to several hundred nm. SEM and TEM results provide for

strong, corroborating evidence that the progression of the

chemical reaction from titanate to anatase titania has little if

any impact on the actual physical dimensions of either the 1-D

or 3-D structural motifs. Microscopy data also showed that

the constituent 1-D nanostructures are single-crystalline in

nature with the presence of surface amorphous layers.

Although these titania and titanate 1D nanostructures appear

to be loosely attached to each other, we found that brief

sonication for up to one hour could not visibly disrupt the 3-D

assemblies, implying that interactions amongst the constituent

1-D nanostructures were particularly strong.

We have even been able to conveniently section these 3-D

structures and have developed insights into their formation

mechanism. In effect, crystalline supramolecular assemblies

may arise either from the intrinsic packing characteristics of

molecules or from the interplay of subtle interactions involving

external energy and mass transport considerations.111 In our

experiment, to investigate the growth mechanism of hollow

micron-scale spheres of titanate 1-D nanostructures, the

corresponding time-dependent evolution of 3-D hierarchical

crystal morphology and of the surface roughness of the foil

were recorded by scanning electron microscopy (SEM) and

atomic force microscopy (AFM), respectively, over a reaction

course of 6 hours. The temporal evolution of titanium

concentration in a 3 ml reaction solution was also monitored

by inductively coupled plasma atomic emission spectrometry

(ICP-AES) over the identical time period. It is plausible to

postulate that our cumulative observations are the result of a

two-stage mechanism involving the initial formation of

primary 1-D nanostructures that subsequently self-assemble,

or more specifically, a ‘‘growth-then-assembly’’ process.112,113

That is, the primary 1-D nanostructures of alkali metal

hydrogen titanates (such as sodium hydrogen titanates) form

initially from the hydrothermally driven direct rolling up of

2-D nanosheets generated in situ on the Ti foil surface due to

the redox reaction of Ti with H2O2 in the presence of alkali

metal hydroxide (such as NaOH solution).81,114 These 1-D

nanostructures of titanates subsequently assemble into sphe-

rical 3-D dendritic aggregates.81,114,115

Moreover, subsequent acid leaching and neutralization

exchange the Na+ with H+ to form the assemblies of hydrogen

titanate 1-D nanostructures.77 Our Raman, XRD, and

HRTEM results also support the notion that the assemblies

Fig. 7 Typical SEM micrographs and EDS data of as-prepared

powders of 3-D dendritic nanostructures of nanowires. (a & b) sodium

hydrogen titanate; (c & d) hydrogen titanate; and (e & f) TiO2. (g) and

(h) are the XRD patterns and Raman spectra of: (i) sodium hydrogen

titanate, (ii) hydrogen titanate, and (iii) TiO2, respectively.
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of these layered titanates have an orthorhombic lepidocrocite-

type H0.7Ti1.825 0.175O4.0?H2O structure. A high-temperature

annealing treatment in air at 350 to 500 uC for 1–10 h and accom-

panying dehydration process transform these assemblies of

titanate 1-D nanostructures into their anatase TiO2 analogues

without atom-by-atom recrystallization of anatase.101

The template-free synthesis of discrete hierarchical struc-

tures of 1-D nanostructures reported by our group is a simple,

inexpensive, scalable, and mild synthetic process. We have also

demonstrated that the micron scale assemblies of TiO2 1-D

nanostructures are active photocatalysts for the degradation of

synthetic Procion Red dye under UV light illumination. Thus,

the high quality micron scale, urchin-like structures synthe-

sized can be expected to be incorporated as functional

components of photonic devices, dye-sensitized solar cells, as

well as photocatalysts.

4. Nanostructures of bismuth ferrites

4.1. Introduction

Multiferroics are simultaneously ferroelectric, ferromagnetic,

and ferroelastic.6,31,116–118 These materials possess a sponta-

neous polarization, magnetization, and piezoelectricity that can

be switched on by an applied electric field, magnetic field, and

elastic force or stress, respectively. The investigations of their

fundamental physical properties suggest that these materials

can be used for information storage, quantum computing,

spintronics, sensors, and multiple-state memory media.116,119

Prototypical examples of existing multiferroics maintain the

perovskite structure and include RMnO3 (with R = Sc, Y, In,

Bi, Ho, Er, Tm, Yb, Lu) as well as BiFeO3.120 The general class

of bismuth ferrites, including BiFeO3, Bi2Fe4O9, and Bi4Fe2O9,

consists of semiconductors possessing interesting properties

which are significant for applications in various fields including

optics, electronics, magnetism, information processing and

storage. Stimulated by the scientific potential and applications

of these materials, there have been considerable efforts,

expended in synthesizing bismuth ferrite nanostructures. In

this section, we focus explicitly on the production of BiFeO3

and Bi2Fe4O9 nanostructures.

4.2. BiFeO3

BiFeO3 shows ferroelectricity with a high Curie temperature

(TC) of y1103 K, and antiferromagnetic or weak ferromag-

netic properties below a Neél temperature (TN) of 643 K.121 In

its bulk form, measurement of ferroelectric and transport pro-

perties in bismuth ferrite has been limited by leakage problems,

likely due to low resistivity, defect, and non-stoichiometry issues.

To address this problem, recent approaches have focused on

developing novel structures of BiFeO3.121–124

For instance, BiFeO3 nanoparticles, with average sizes of 21

to 59 nm, were prepared from precursor materials including

Bi2O3, Fe(NO3)3?9H2O, citric acid, and a dispersion agent in

diluted nitric acid.122 Preliminary magnetic property measure-

ments of these nanoparticles were performed, showing

enhanced properties corresponding to reduction of size, an

effect discussed on the basis of Mössbauer results. Very

recently, the preparation of nanosized bismuth ferrites from

Bi(NO3)3 and Fe(NO3)3 precursors with tartaric acid in nitric

acid was reported; particle sizes obtained were in the range of 3

to 16 nm.124

In our group, systematic studies on BiFeO3 nanoparticles

prepared by a modified sol-gel method have been per-

formed.125 As-prepared BiFeO3 nanostructures turned out to

be a series of single-crystalline nanoparticles with mean sizes of

y20 to 100 nm, respectively. The magnetic properties of as-

prepared BiFeO3 nanostructures were also investigated based

on Mössbauer as well as SQUID (superconducting quantum

interference device) measurements; strong correlations of these

data with the sizes of the sample were observed. In addition,

optical characterization of these BiFeO3 nanostructures was

performed using Raman, UV-visible, and IR spectroscopies.

To our knowledge, there have not been any viable syntheses

of 1-D nanostructures of BiFeO3 reported. The fabrication of

1-D nanostructures of BiFeO3 is of fundamental importance in

investigating size correlation of the basic physical properties of

these materials with implications for their device applications.

In our recent work,123 we have employed a pressure-filter

variation of a template synthesis involving the sol-gel

technique126,127 for the synthesis of BiFeO3 nanotubes (NTs),

because of its practicality,128,129 its relative simplicity, and its

prior versatility in the preparation of high aspect ratio

nanostructures of ternary metal oxides.21,48 A schematic of

the procedure is shown in Fig. 8. As-prepared BiFeO3 1-D

nanotubes were subsequently characterized by a number of

techniques, including XRD, SEM, TEM, as well as EDS and

SAED. Microscopy analysis showed that as-prepared BiFeO3

NTs, derived from porous alumina membranes having pore

sizes of 200 nm, had straight and smooth structures, and that

their outer diameters were in range of 240 to 300 nm with

lengths ranging from several microns to as much as 50 microns.

The aspect ratio for the tubes could attain values as high as

200 : 1. BiFeO3 NTs having outer diameters in the range of 140

to 180 nm and lengths of up to several microns, were prepared

from 100 nm pore-sized templates; these structures consisted of

straight tubes though their surfaces were relatively rough and

irregular. The difference in morphologies of the tubes

synthesized in 100 vs. 200 nm pore-sized templates could have

Fig. 8 A schematic of the fabrication of BiFeO3 nanotubes using a

template methodology, which is superimposed upon a TEM image of

the resultant product tube. Reprinted with permission from reference

123. Copyright 2004 Royal Society of Chemistry.
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arisen not only from differential chemical interactions of the

various sol constituents with the pore walls themselves but also

from contrasting geometric configurations of the sol constitu-

ent molecules within each individual template membrane,

induced by spatial constraints. Moreover, as the nucleation of

the BiFeO3 particles likely starts from sites randomly located

on the wall of the template, the net effect would be formation

of polycrystalline BiFeO3 NTs, consistent with the SAED and

HRTEM results observed. Preliminary magnetic property

measurements, performed using a SQUID, showed a small

though appreciable level of magnetization, unlike that for pure

bulk BiFeO3.

Among the classes of BiFeO3 nanostructures, 2-D nanos-

tructures of BiFeO3, e.g., thin films or nanofilms, have been

extensively studied, as compared with 0-D or 1-D nanostruc-

tures. For instance, thin films of BiFeO3 (with a thickness range

of 50 to 500 nm) show enhanced physical properties relative to

that of the bulk.121 Phase-pure BiFeO3 thin films, having

thickness values of 50 to 500 nm, were successfully grown using

pulsed laser deposition (PLD) onto single crystal SrTiO3

substrates130,131 as well as onto Si132 and Pt/TiO2/SiO2/Si133

substrates. Different synthetic approaches, such as the use of

liquid phase epitaxy (LPE) and sol-gel methods onto SrTiO3

and LaAlO3 substrates, as well as the utilization of chemical

solution deposition and spin-coating techniques onto (111)

Pt/Ti/SiO2/Si substrates have also been employed to fabricate

thin films of BiFeO3.134–137 In addition to these recent synthetic

efforts, a first-principles study of multiferroic BiFeO3 has been

performed in order to further understand its intrinsic physical

properties such as spontaneous polarization.138

4.3. Bi2Fe4O9

Because of their high sensitivity to ethanol and acetone vapors,

bismuth ferrites have been recently considered as new

materials for semiconductor gas sensors.139,140 In particular,

the catalytic potential of Bi2Fe4O9 for ammonia oxidation to

NO is of current interest as these iron-based materials may

likely replace current, irrecoverable, and costly catalysts based

on platinum, rhodium, and palladium.141,142 Despite the

evident importance of Bi2Fe4O9 as a functional material, very

few reports have appeared associated with nanoscale structural

motifs of this bismuth ferrite.142,143 Sheet-like nanoparticulate

powders have been formed using a hydrothermal technique.142

In that study, factors such as the role of the concentration of

the metal ions, alkalinity in the precursor solution, and

temperature were examined and were claimed to be more

important determinants of Bi2Fe4O9 nanoparticulate forma-

tion than that of the molar ratio of Bi3+ to Fe3+ precursors.

Our group has reported on the fabrication of discrete single-

crystalline submicron-sized Bi2Fe4O9 cubic structures as well

as their elongation into orthorhombic and rod-like structures

(Fig. 9).144 In this work, a molten salt technique was employed,

due to the intrinsic simplicity, non-toxicity, facility of use, and

versatility in the preparation of single-crystalline metal oxides.

The roles of surfactant, salt, precursor identity, as well as

alterations in the molar ratio of Bi3+ to Fe3+ precursors were

systematically examined and correlated with the predictive

formation of different shapes of Bi2Fe4O9 products. For

example our observations confirmed that there is an only very

narrow combination of experimental parameters such as (a) a

1:1 molar ratio of precursors, (b) the addition of salt, (c) the

presence of surfactant, and (d) the usage of specific elemental

precursors, that collectively will yield single-crystalline Bi2Fe4O9

cubes with predictive control of shape and size. The presence of

salt is expected to decrease the melt viscosity and thereby

increase the mobility of components within the molten flux,

whereas the presence of surfactant may prevent interparticle

aggregation by forming a ‘shell’ around individual particles.145

Extensive structural characterization of as-prepared cubic

Bi2Fe4O9 products was performed and representative SEM

images of the cubes are shown in Fig. 9. A typical mean edge

length of the cubes obtained was 386 ¡ 147 nm, and the faces

were essentially flat. In addition to structural characterization

of Bi2Fe4O9 cubes using microscopic means, Mössbauer and

SQUID measurements were also performed and the results

showed a slightly lower TN of the cubes (250 K) as compared

with that of the bulk (263 K).

Fig. 9 SEM images of (A) Bi2Fe4O9 cubes and (B) a typical individual Bi2Fe4O9 cube, prepared using a molten salt method. The inset of (B)

illustrates a schematic of the facets of an individual cube. Reprinted with permission from reference 144. Copyright of 2005 Royal Society of

Chemistry.
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5. Nanostructures of ABO4-type materials

5.1. Introduction

The ABO4 class of oxides, wherein A and B consist of two

different elements with oxidation states of +2 and +6,

respectively, are a family of inorganic materials with potential

in various applications, such as photoluminescence, microwave

applications, optical fibers, scintillator materials, humidity

sensors, magnetic properties, and catalysis. For example, ‘A’

not only can be an alkaline earth metal but also can be

identified with (but not limited to) Pb, Zn, Cd, Fe, Mn, Co, or

Ni. On the other hand, ‘B’ can be associated with elements

including (but not limited to) W, Mo, Cr, I, Se, or S.146,147

In our laboratory, we have chosen to focus on the

fabrication of nanorods of BaWO4 and BaCrO4, which are

compositionally and structurally representative of the ABO4

class of metal oxides.146,147 Barium tungstate or barite is

important in the electro-optical industry due to its emission of

blue luminescence. In addition, its interesting thermolumines-

cence and stimulated Raman scattering (SRS) properties

render barium tungstate as a candidate for the design of

solid-state lasers that can emit radiation within a specific

spectral region. As such, these materials are of use for medical

laser treatment applications, up-conversion fiber lasers, and

analogous spectroscopic functions.148–150 Barium chromate is

a naturally occurring chromate analogue of barite. It has often

been used as an oxidizing agent and as a catalyst for enhancing

vapor-phase oxidation reactions.151 Moreover, due to its

excellent photophysical properties, barium chromate is a

highly efficient photocatalyst, with a particularly marked

response to visible light irradiation.152

5.2. Synthetic approaches

Recently, remarkable progress has been achieved regarding the

preparation of low-dimensional nanoscale metal tungstate,

chromate, and sulfate derivatives. The synthesis of ordered

microarrays of nanocrystals of both barium chromate and

sulfate, with controlled chemical composition and size

distribution, was reported using a reversed micelle templating

method.153 This methodology was subsequently extended to

generate barium tungstate nanorods; the 2-D organization of

these BaWO4 and BaCrO4 nanorods at the water–air interface

was accomplished using a Langmuir–Blodgett technique.154,155

Recently, high aspect-ratio, single-crystalline BaWO4 and

BaCrO4 nanowires with diameters as small as 3.5 nm and

lengths up to more than 50 microns were synthesized in

catanionic reverse micelles formed by an equimolar mixture of

two surfactants: undecylic acid and decylamine.156,157 With the

further use of double-hydrophilic block copolymers as

effective crystal growth modifiers, morphological variants,

namely penniform BaWO4 nanostructures, could be prepared

using this technique (Fig. 10).158 Using an analogous idea,

different BaCrO4 nanostructures have been processed through

a polymer-directed synthesis.146,159–161 However, the develop-

ment of facile, mild, and effective approaches for creating size-

controlled 1-D nanostructures and their associated novel

architectures has remained a significant scientific challenge.

Finally, uniform tungstate nanorods/nanowires146 such as

MWO4 (M = Zn, Mn, Fe) with diameters of 20–40 nm and

lengths of up to micrometers were prepared by hydrothermal

transformation and recrystallization of amorphous particu-

lates under mild conditions without the use of special ligands

or surfactants. A variation of this technique could produce

BaWO4 crystals of different morphologies ranging from olive-

like to flake-like to whisker-like structures in the presence of

different surfactants.162

5.3. A general, room-temperature method for the synthesis of

isolated as well as arrays of single-crystalline ABO4-type

nanorods

Our recent work demonstrates a room-temperature prepara-

tion, using a novel, modified template-assisted methodology,

of straight, smooth, single-crystalline BaWO4 nanorods and

BaCrO4 nanorods with controllable sizes as well as the

creation of arrays of these nanorods in the pores of an

alumina membrane (Fig. 11).163 For example, diameters of

BaWO4 nanorods were ~200 ¡ 25 nm with lengths attaining

several microns, based on the 200 nm pore sizes of the alumina

membranes used in the synthesis. By analogy, based upon the

100 nm pore size of the alumina templates utilized, the

corresponding diameters of BaCrO4 nanorods fabricated were

in the range of 100 ¡ 15 nm, with aspect ratios of up to 15 : 1.

The resulting nanorods and their associated arrays have been

Fig. 10 TEM (a–d) and HRTEM (e) images of penniform BaWO4

nanostructures obtained in the presence of 0.5 g L21 PEG-b-PMAA

after aging for 8 h. Insets show the corresponding electron diffraction

patterns. Scale bars: (a) 5 mm, (b) 2 mm, (c) 200 nm, (d) 100 nm, and (e)

5 nm. Reprinted with permission from reference 158. Copyright 2003

American Chemical Society.
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extensively characterized using a variety of microscopy,

spectroscopy, and diffraction results.

Specifically, a modified template synthesis technique,

originally developed for the synthesis of organic microtubules,

was used to successfully prepare free-standing single-crystal-

line BaWO4 and BaCrO4 nanorods and their arrays by

physically placing two different precursor solutions in two

halves of a U-tube cell, respectively, separated by alumina

template membranes. In other words, the pores in alumina

membranes were used as the confining environment in which

to control the growth of well-defined morphologies of our

ABO4 nanostructures. The membranes used are thin, and are

mounted in a double-diffusion setup, which enables the

continuous flow of ions into the membrane pores and thus,

the production of nanoscale single crystalline ABO4-type

materials. The shape of the alumina membranes has a

dramatic effect on the morphology of the ABO4 phase that

subsequently forms. In fact, we note instances where the

morphology of the ABO4 nanorods spatially maps out the

interior nanoscopic profile and localized contours of

the internal pores of the alumina membranes. That is, whereas

the majority of as-prepared BaWO4 and BaCrO4 nanorods

were straight and possessed smooth surfaces, a small number

of BaWO4 and BaCrO4 nanorods with protrusions or

depressions on their surfaces were also produced, accurately

reflecting the morphology and inner surface roughness of the

pores from whence they were formed.

What is significant is that most nanostructures previously

produced by conventional templating procedures are poly-

crystalline,12 in spite of the variety of different deposition

strategies used, including electrochemical deposition, electro-

less deposition, polymerization, sol-gel deposition, and layer-

by-layer deposition in nanoporous templates, because many of

these prior methodologies require additional annealing steps at

high temperature.5,6,51,91 By contrast, the formation mecha-

nism of nanorods under our experimental conditions is

analogous to a biomimetic crystallization process.164 That is,

the growth of our nanorods within the confinement of alumina

membranes is analogous to the precipitation of single crystals

of calcium carbonate and calcium phosphate within the

confinement offered by gels, micelles, chitin scaffolds, and

collagen matrixes.165–167 Hence, nucleation and growth of

single-crystalline nanomaterials occur essentially instanta-

neously through the direct chemical interaction between ions

of the two different precursor solutions diffusing towards and

eventually reacting with each other. The membrane acts to

spatially direct and confine crystal growth.

Moreover, at the same time, our simplistic technique allows

for the reproducible fabrication of ordered, monodisperse 3-D

arrays of these 1-D nanomaterials. This is critical, because

assembly of nanoscale components is a key step toward

building functional devices,24 important for applications

including nanoscale electronics and molecular sensing.

Specifically, the fabrication of thermally stable 3-D arrays of

1-D nanomaterials, such as nanorods, is useful for optoelec-

tronic applications, such as room-temperature ultraviolet

lasing.168 Though a number of fabrication methodologies

have been reported for generating these types of nanoscale

architectures,97,169–171 none of these techniques appears to

work for ABO4-type compound systems, with the exception of

the current work. Furthermore, although we have primarily

focused on isolated 100 and 200 nm-sized BaWO4 and BaCrO4

nanorods and their associated arrays, we have noted that we

can reproducibly form different sizes of these various

nanoscale architectures using alumina template membranes

of varying pore sizes. Because of the simplicity and generali-

zability of the approach used, it is anticipated, as earlier

implied, that this methodology can be generalized to the

synthesis of other important tungstate, molybdate, chromate,

sulfate, iodate, and selenate systems as well as their complexes

at the nanoscale. Moreover, we can prepare smaller-diameter

single-crystalline nanorods using smaller-sized templates.

6. Nanostructures of other classes of ternary oxide
materials

Mixed valence manganites of formula R12xAxMnO3, where R

is a rare earth element and A is divalent Ca, Sr, or Ba, exhibit

colossal magnetoresistivity.172–174 In these systems, the inter-

play among charge, spin, and orbital degrees of freedom leads to

phenomena such as metal–insulator transitions, magnetic phase

transitions, and nanoscale charge and orbital ordering. To this

effect, pure cubic, perovskite, single-crystalline La0.5Ba0.5MnO3

nanowires (with diameters of 30 to 150 nm and lengths of several

to tens of microns) and La12xBaxMnO3 nanocubes (sizes

ranging between 50 to 100 nm) have been synthesized by a

hydrothermal method at low reaction temperature. Magnetic

measurements on the cubes show that their magnetic properties

depend on the degree of doping level.174

Nanocrystalline electroceramics such as tantalates and

niobates are another fascinating class of ABO3 perovskite

materials. For example,175 single crystalline NaTaO3 nano-

rods, with aspect ratios varying between 10 and 20:1 and with

their long axis oriented in the [010] direction, can be

synthesized with high (>90%) yield by reduction of TaCl5

Fig. 11 (A) Typical SEM micrograph of BaWO4 nanorods. (B)

Representative TEM image of BaWO4 nanorods and SEM images of

as-prepared BaWO4 nanorod arrays: (C) top-view and (D) tilt-view.

Reprinted with permission from reference 163. Copyright 2004

American Chemical Society.
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with THF solutions of alkalide K+(15-crown-5)2Na2, followed

by annealing of the product under dynamic vacuum

(1023 Torr) at 250 uC for 3 h and 600 uC for 4 h. Orthor-

hombic and rhombohedral single-crystalline potassium nio-

bates with different morphologies have been synthesized

through a low-temperature hydrothermal method by simply

altering the reaction solvent.176 A similar hydrothermal proces-

sing route177 produced anisotropic submicrometre particles of

KNbO3. Piezoelectric activity, switching polarization, and

piezoelectric hysteresis loops were observed in these ferroelectric

perovskite nanorods by means of AFM-assisted detection of

induced piezoelectric vibrations. Lastly, highly anisotropic

nanocrystallites in the form of nanoneedles and nanoplatelets

of KNbO3 perovskite were prepared by crystallization of an

amorphous gel, which itself was derived from a ‘polymerizable-

complex method’ based on a Pechini-type reaction route. The

nanoneedles thereby synthesized were typically 50 nm thick and

approximately 10 mm long and had surfaces parallel to the {100}

planes of a pseudocubic perovskite structure.178

Finally, vanadates are important for usage as catalysts, pola-

rizers, laser host materials, and phosphors. Single-crystalline

NdVO4 nanorods,179 monazite- and zircon-type LaVO4 nano-

crystals,180 and NaV6O15 and Na2V6O16?3H2O nanowires181

have all been synthesized under hydrothermal conditions.

7. Summary and outlook

It is clear that ternary metal oxide nanostructures are of

fundamental scientific interest (in terms of electronic, optical,

and catalytic properties) and possess a broad range of

technological applications (including as transistors and com-

puting devices). In the past few years, vast efforts have been

expended in the development of new synthetic approaches for

these materials at the nanoscale. Indeed the availability of

these nanomaterials can provide useful building blocks for

enabling the realization of highly efficient and complex

nanoscale devices such as NVFRAM memory cells, transdu-

cers, actuators, infrared sensors, DRAM storage capacitors,

and thermal infrared switches.

Though it is possible to produce ternary oxide nano-

materials with predictable size and/or shape, a few key issues

of ternary metal oxide nanostructure synthesis remain to be

addressed.

1. For most of the applications associated with ternary

oxides at the nanoscale to attain their full potential, generating

crystalline nanostructures, with controllable sizes, shapes, and

morphologies, on a large scale, using environmentally friendly

protocols, represents a very significant experimental challenge.

In fact, reproducibly and simultaneously generating control

over nanoparticle structure, surface chemistry, monodisper-

sity, crystal structure, and assembly remains an elusive goal.

2. The exact growth mechanisms involved with most of the

synthetic methods used for creating ternary oxide nanostruc-

tures are often a matter of speculation. For instance, it is

empirically known that factors such as temperature, ionic

strength, solvent viscosity, as well as the presence of organic

ligands play an important role in determining the morphology

of the final products. However, the precise mechanism of how

each individual variable correlates with overall nanoparticle

growth is rarely known. Importantly, it is experimentally non-

trivial to probe the growth of these structures kinetically.

3. In addition, properties of nanoscale materials (e.g. rods,

particles, or arrays of such nanostructures), such as their mecha-

nical, transport, photoconductive, thermoelectric, electronic,

optical, and catalytic properties, are theoretically expected to

differ from those of the bulk. Little though has been published

on property investigations of these nanomaterials due to the

relative infancy of the field. Hence, it is very difficult to postulate

any precise structure–property correlations at this point.

4. The nature of defects (such as the presence of vacancies

and interstitial sites as well as their associated effects on

properties) in these systems is not well understood.

5. Potential health and environmental issues associated with

these various synthetic protocols of the as-obtained nanoma-

terials will need to be addressed in a timely fashion.

We believe that future work in this field will continue to

focus on generating improved fabrication and synthetic

strategies aimed at resolving these issues. Technological

advances will arise from multidisciplinary contributions, which

will hopefully open up new areas of nanoscience research.
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R. V. Pisarev, Nature, 2002, 419, 818.
121 J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale,

B. Liu, D. Viehland, V. Vaithyanathan, D. G. Schlom,
U. V. Waghmare, N. A. Spaldin, K. M. Rabe, M. Wuttig and
R. Ramesh, Science, 2003, 299, 1719.
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