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The article highlights recent developments in inorganic nanomaterials based
on the literature of the last 18 months. The article covers various aspects of
synthesis and characterization of inorganic nanocrystals, nanowires and
nanotubes as well as the properties and phenomena associated with these
materials. Applications based on these materials have also been indicated.

1. Introduction

Chemistry plays a major part in the science of nanomaterials. The three important

classes of nanomaterials are zero-dimensional nanocrystals, one-dimensional nano-

tubes and nanowires.1–4 In addition, there are two-dimensional nanowalls and

nanofilms. A variety of chemical methods have been employed for the synthesis of

inorganic nanoparticles, nanotubes and nanowires. These materials have been

characterized by electron microscopy, spectroscopic techniques and diffraction

methods. Chemical modification, surface functionalization as well as self-assembly

constitute an important area of the chemistry of nanomaterials. Nanomaterials

exhibit properties related to their size and shape. Besides such quantum properties,

several other features of these materials are of academic and technological interest.

Typical of these are field emission, gas sensing, medical diagnostics, transistor

action, lasing behavior, photovoltaic properties and catalytic properties. In this

article, we present the important findings on inorganic nanocrystals, nanowires and

nanotubes based on the literature of the last one-year. In doing so, we have had some

difficulty because nearly 1000 papers were published on inorganic nanomaterials

during the last year leaving out the literature on carbon nanotubes. We have done

our best to describe the present status of the subject by making a choice of the

papers. We would like to apologize for any omissions or errors in our judgment.

2. Nanocrystals

Synthesis

Metal nanoparticles are generally prepared by the reduction of metal salts in the

presence of suitable capping agents such as poly(vinylpyrrolidone) (PVP). Solvother-

mal and other reaction conditions are employed for the synthesis, to exercise control

over their size and shape.1–3 One of the steps in the synthesis generally involves the

use of phase transfer reagents. A method of producing gold nanoparticles free from
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surfactants has been recently reported.5 The method involves the reduction of

HAuCl4 by sodium napthalenide in diglyme. The shape and colour of Au nano-

particles have been altered by NAD(P)H-mediated growth in the presence of

ascorbic acid.6 The method yields dipods, tripods and tetrapods. The morphology

of gold nanoparticles has also been changed by varying the ratio of the competing

reagents, more specifically, alkanethiols and tetralkylammonium salts.7 Branched

gold nanocrystals have been prepared by the seed-mediated growth in the presence

of a surfactant.8 The method yields highly faceted nanoparticles that transform into

branched nanocrystals. Gold nanoparticles have been incorporated in SiO2–TiO2

films.9 By varying the composition of the matrix, the refractive index has been

changed to tune the position of the Au plasmon band between 542 and 600 nm.

Dumb-bell shaped Au–Fe2O3 nanoparticles have been synthesized by the decom-

position of Fe(CO)5 on the surface of Au nanoparticles, followed by oxidation.10

Cobalt nanoparticles of B3 nm diameter have been prepared by the reduction of

cobalt precursors.11 Ruthenium nanoparticles, stabilized by oligoethyleneoxythiol,

are found to be soluble in both aqueous and organic media.12 While rhodium

multipods are obtained through the seeded-growth mechanism on reducing RhCl3 in

ethylene glycol in the presence of PVP,13 iridium nanocrystals have been prepared by

the reduction of an organometallic precursor in the presence of hexadecanediol and

different capping agents.14 Monodisperse Pt nanocrystals with cubic, cuboctahedral

and octahedral shapes with diameters of B9 nm have been obtained by the polyol

process.15 The polyol process has also been employed to obtain PtBi nanoparticles.16

AuPt nanoparticles have been successfully incorporated in SiO2 films.17

Nanocrystals of semiconductors such as CdS and CdSe are generally prepared by

the reaction of the metal salts with an appropriate sulfiding or seleniding agent in

high boiling solvents. Several new procedures for the synthesis of semiconductor

nanocrystals have recently been reported. For example, a spray-based method has

been developed for the synthesis of CdS nanocrystals with diameters ranging

between 3 and 6 nm.18a In this method, a spray containing the metal salts in

monodisperse droplets yields nanocrystals with a narrow diameter distribution on

evaporation of the solvent. An aerosol flow synthesis of CdSe nanocrystals making

use of a solution of low and high boiling solvents has been reported starting with

different Cd precursors and trioctylphosphine selenide.18b It has been found that the

size of CdS nanocrystals can be controlled photochemically in the reaction of CdSO4

with Na2S2O3.
19 Nanocrystals of Ni3S4 and Cu1�xS have been prepared by adding

elemental sulfur to metal precursors dissolved in dichlorobenzene or oleylamine at

relatively high temperatures.20 CdSe and CdTe nanocrystals can be prepared with-

out precursor injection.21 The method involves refluxing the cadmium precursor

with Se or Te in octadecene. CdSe nanocrystals have also been synthesized using

elemental selenium dispersed in octadecene without the use of trioctylphosphine.22

CdSe nanocrystals have been obtained by a microwave-assisted route.23 By varying

the quantity as well as the nature of the organic surfactant, the synthesis of

hyperbranched CdSe and CdTe nanocrystals with a fair degree of control over the

length as well as branching has been reported.24 High-temperature synthesis of CdSe

nanocrystals in nanolitre-volume droplets flowing in a perfluorinated carrier fluid

through a microfabricated reactor has been described.25 This method could be useful

for providing a precise control in chemical or biochemical reactions. The kinetics of

formation of CdSe nanocrystals in trioctylphoshine oxide and stearic acid has been

studied by following the changes in the emission band.26 The nanocrystal growth

was found to be controlled by the diffusion and depletion of reactants before the
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onset of Ostwald ripening. ZnSe nanocrystals have been prepared in a hot mixture of

a long chain alkylamine and alkylphosphines.27

New methods have been developed for the synthesis of group 13 nitrides, AlN,

GaN and InN.28 One method involves the solvothermal reaction between 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) with the metal cupferronate or with the metal

trichloride in toluene. The cupferron precursor under solvothermal conditions first

decomposes to give an active oxide species MO1.5, which reacts with HMDS to form

the metal nitride and hexamethyldisiloxane. The reaction of the metal trichloride

with HMDS yields the metal nitride and gaseous Me3SiCl. These procedures yield

nanocrystals with average diameter ofB10 nm for AlN,B15 nm for InN and as low

as 4 nm for GaN. By the decomposition of simple metal trichloride-urea precursors

nanocrystals and other nanostructures of AlN, GaN and InN have been synthe-

sized.29 InAs nanocrystals can also be prepared by the decomposition of an

organometallic precursor.30 A sonochemical method for the synthesis of hollow

MoS2 nanocrystals has been described.31

The synthesis and characterization of a variety of metal oxide nanoparticles have

been described in the literature, but there is continued interest in finding new

methods. Thus, ZnO nanoparticles have been prepared from zinc acetate in

2-propanol by the reaction with water.32 Hexagonal pyramid-shaped ZnO

nanoparticles have been obtained by the thermolysis of the Zn-oleate complex.33

ZnO nanoparticles with cone, hexagonal cone and rod shapes are obtained by the

non-hydrolytic ester elimination sol–gel reactions.34 In this process, ZnO nano-

crystals with various shapes were obtained by the reaction of zinc acetate with

1,12-dodecanediol in the presence of different surfactants. The reaction of metal

acetylacetonates under solvothermal conditions produces nanocrystals of metal

oxides such as Ga2O3, ZnO and cubic In2O3.
35 The kinetics of the growth of ZnO

nanocrystals has been investigated by using UV-absorption spectroscopy.36 The

growth does not follow Ostwald ripening kinetics.

Nearly monodisperse In2O3 nanocrystals (Fig. 1) have been obtained by starting

with indium acetate, oleylamine and oleic acid.37 The nanocrystals are highly crystalline

and they self-assemble into to 2-D and 3-D superlattices as shown in Fig. 1. TiO2

nanoparticles can be prepared by the low-temperature reaction of low-valent organo-

metallic precursors.38 Highly pure anatase nanocrystals have been prepared by the

hydrolysis of TiCl4 with ethanol at 273 K followed by calcination at 360 K for 3 days.39

The growth kinetics and the surface hydration chemistry has also been investigated.

Nanoparticles of MnO and NiO are obtained from cupferronate precursors under

solvothermal conditions. The nanoparticles exhibit superparamagnetism accompanied

by magnetic hysteresis below a blocking temperature.40 CoO nanoparticles with

diameters in 4.5–18 nm range have been prepared by the decomposition of cobalt

cupferronate in decalin at 543 K under solvothermal conditions. Magnetic measure-

ments indicate the presence of ferromagnetic interactions in the small CoO nanopar-

ticles.41 Cubic and hexagonal CoO nanocrystals have also been obtained starting from

Co(acac)3.
42 Metallic ReO3 nanoparticles with diameters in the 8.5–32.5 nm range are

obtained by the decomposition of the Re2O7-dioxane complex under solvothermal

conditions.43 The nanoparticles exhibit a surface plasmon band around 520 nm which

undergoes blue-shifts with decreasing size.

Core-shell nanoparticles and nanocomposites

Core-shell particles involving metal, semiconductor or oxide nanocrystals in the core

and having shells composed of different materials have been widely investigated.44

22 | Annu. Rep. Prog. Chem., Sect. A, 2006, 102, 20–45
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ZnO nanorods have been coated with CdS nanoparticles by using a sonochemical

route.45 CdSe/CdS core-shell nanoparticles with a core diameter of B1.5 nm have

been prepared at the liquid–liquid interface starting with cadmium myristate and

oleic acid in toluene and selenourea/thiourea in the aqueous medium.46 Luminescent

multi-shell nanocrystals of composition CdSe-core CdS/Zn0.5Cd0.5S/ZnS-shell have

been prepared by successive ion layer adhesion and reaction technique.47 The growth

of the shell was carried out one monolayer at a time by alternately injecting cationic

and anionic precursors into the reaction mixture with core nanocrystals.

Core-shell nanoparticles with a ferrimagnetic CoFe2O4 core and an antiferromag-

netic MnO shell have been obtained by a high-temperature decomposition route

with seed mediated growth.48 Pt-Cu core-shell nanoparticles showing high activity

for NOx reduction have been reported.49 Silica-coated nanocomposites containing

magnetic nanoparticles such as g-Fe2O3 and quantum dots such as CdSe have been

prepared by encapsulation.50 Attachment of colloidal gold nanograins onto magne-

tite nanocrystals has been accomplished by the surface modification of individual

Fe3O4 nanospheres with an amine-terminated silane, followed by the addition of

negatively charged gold nanograins.51 Core-shell nanoparticles can be prepared in

aqueous media by the addition of a solution of an amphiphilic organic polymer and

a metal oxide precursor. The precursor is then converted to a metal oxide by the

sol–gel reaction giving rise to hybrid nanoparticles.52 Hybrid thermosensitive

Fig. 1 (a) TEM image of 11.5 nm In2O3 nanocrystals (monolayer assembly), (b) HRTEM of a
single 13.5 nm In2O3 nanocrystal and (c) TEM image of a 3-D superlattice of 20.0 nm In2O3

nanocrystals (from ref. 37).
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particles consisting of core-shell polymer particles containing gold nanoparticles on

their surface have been prepared. The polymer core-shell particle consists of a

poly(glycidyl metacrylate) core while the shell consists of a poly(N-isopropylacry-

lamide).53

Self-assembly of nanocrystals

Mono-functionalized nanoparticles can be used as molecular building blocks to react

with other chemicals such as polymers, to give rise to nanomaterials linked with

covalent bonds.54 Gold nanoparticles have been assembled into one-dimensional

chains by the controlled ligand exchange of citrate ions with 2-mercaptoethanol.55

Nanoparticles encapsulated within cross-linked polymers undergo a sphere to chain

transition induced by the micelle transition.56 Ordered self-assembly of gold nano-

crystals and Fe2MnO4 nanocubes into two- and three-dimensional (2-D and 3-D)

arrays from water soluble nanocrystalline micelles have been observed (Fig. 2).57 The

method involves drying water soluble gold nanocrystalline micelles synthesized by a

surfactant encapsulation technique. A spontaneous formation of nanoparticle strip

patterns has been observed on de-wetting a dilute film of polymer coated nanoparticles

floating on a water surface.58 Gold nanoparticle monolayers andmultilayers have been

constructed on a gold surface using the coordination chemistry of metal ions.59 Gold

nanoparticle networks can be prepared by functionalizing them with azobenzene

derivatives.60 Gold nanocrystals produced electrochemically in the presence of PVP

spontaneously order into 1D or 2D arrays.61 Hybridization of branched DNA trimers

and gold nanoparticle DNA conjugates have been employed to produce discrete self-

assembled nanoparticle dendrimers.62 The effect of disorder on the phase behavior of

DNA-linked gold nanoparticle assemblies has been studied.63 Variation in the length

of the DNA linker results in different melting temperatures of the DNA-linked

nanoparticle assemblies.

Fig. 2 TEM micrographs of ordered nanocrystal–micelle superlattices. (a) [100] orientation of
3D Au nanocrystals arrays, (b) [110] orientation of 3D Au-nanocrystal arrays, (c) 2D Fe2MnO4-
nanocube arrays and (d) [100] orientation of 3D ordered Fe2MnO4-nanocube arrays (from ref. 57).
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By controlling the size distribution of magnetic cobalt nanocrystals, mesoscopic

patterns with columnar and labyrinth structures are achieved.64 Self-assembly of

triangular and hexagonal CdS nanocrystals into complex structures such as rods and

arrows has been observed.65 Ring-like structures of semiconductors are found to

occur by the self-assembly of nanocrystals in aqueous media.66 Heterostructures of

g-Fe2O3 and ZnS nanocrystals have been synthesized.67 Nanoscale assembly of

carbon nanotubes and quantum dots to produce hybrid structures has been achieved

using viruses.68

Nanoparticles have a tendency to self-assemble at liquid–liquid interfaces.69 This

property has been used for the synthesis of nanocrystals as well as single crystalline

thin films of metals, metal oxides and semiconductors.70 Self-directed self-assembly

of CdSe nanoparticle-copolymer mixtures has been observed wherein the copoly-

mers assemble into cylindrical domains that dictate the distribution of the nano-

particles.71 Multimillimeter large superlattices of FeCo nanoparticles have been

fabricated.72

Properties of nanocrystals

The properties as well as the stability of Si nanoparticles in aqueous solution are of

importance for applications in bio-systems. Small Si nanoparticles prepared by

anodic etching and ultrasonic fractionation have been characterized using photo-

luminescence spectroscopy.73 The study suggests that properties of these nanopar-

ticles can be controlled by surface chemistry. Small gold nanoparticles exhibit high

photoluminescence upon irradiation with sub-100-fs pulses of 790-nm light indicat-

ing that the metal nanoparticles are alternatives to fluorophores or semiconductor

nanoparticles for biological labeling and imaging.74 Third harmonic signals can be

generated from gold colloids with diameters of 40 nm, showing a potential use for

tracking of single-biomolecules.75 Surface plasmons of gold nanoparticle arrays can

be imaged by far-field Raman spectroscopy.76 Magnetotransport measurements on

cobalt nanoparticles in the single-electron tunneling regime show features of spin

accumulation.77

Ordered CdS nanoparticles can be fabricated on Si substrates using alumina

membranes.78 Planar clusters of CdSe nanocrystals emit linearly polarized light in

the plane of the cluster.79 The ability to manipulate the direction and polarization of

the photoemission of these nanoparticles by self-assembly is of interest for applica-

tion in advanced optical devices. Magic-sized CdSe nanocrystals emit white light, a

property of technological relevance.80 CdSe-CdZnS core-shell nanocrystals prepared

by wet-chemical methods exhibit multiphoton emission.81 CdSe-ZnO nanoparticle

clusters are directional photoemitters with tunable wavelength.82 Optical properties

of tetrapod shaped CdTe nanocrystals have been investigated in detail by a variety of

methods.83 The band gap of CdTe nanocrystals can be engineered through surface

modification by thiolate ligands under ambient conditions.84

Absorption spectra of PbS nanocrystals are modified on the application of electric

fields.85 Charge carrier transport in PbS nanocrystal-polymer composites has been

examined and the results suggest potential use in photovoltaic devices.86 Tunable

transport phenomena in arrays of PbSe nanocrystals have been investigated.87 The

system evolves from an insulating regime dominated by coulomb blockade to a

semiconducting regime, where the dominant transport mechanism is by hopping

conduction. Colloidal semiconductor nanocrystals can be used as colour selectable

chromophores by using GaN injection layers.88
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Nanoparticle assemblies connected by polymers act as molecular springs and

nanothermometers. Surface plasmon resonance and exciton-plasmon interaction are

responsible for the nanothermometer function.89 A single molecule switch, based on

two palladium nanocrystals linked by a conjugated dithiol, has been fabricated. The

device exhibits negative differential resistance at B0.67 and 1.93 V, respectively at

300 K and 90 K.90 The super-shock ability and mechanism of failure of MoS2 and

WS2 inorganic fullerenes (IF) have been investigated. IF-WS2 survives pressures up

to 25 GPa and temperatures up to 1273 K without a significant structural degrada-

tion or phase change.91

Fluorescence quenching of gold nanoparticles by heavy metal ions can be used to

detect Cu21 ions.92 Optical properties of suitably modified gold nanoparticles can be

used for colourimetric assay of protein–protein interactions in solution.93 Emission

of CdSe quantum dots linked to the 50-end of a DNA sequence is efficiently

quenched by hybridization using a complementary DNA strand with a gold

nanoparticle attached at the 30-end.94 Colourimetric sensors have been fabricated

by using cationic conjugated polymers which form complexes of different colours

with aptamers in the presence or absence of a target analyte. Colourimetric sensing

of adenosine and cocaine has been achieved using this approach.95 A nanoparticle-

based polymerase chain reaction has been described.96 A novel three-layer composite

magnetic nanoparticle probe for DNA has been reported.97 The composite probe

consists of a gold surface, a silica core and a magnetic inner layer. The three-layer

magnetic particles can be functionalized with DNA and reversibly assembled into

macroscopic aggregates using complementary linking oligonucleotides. Inhibition

assays based on fluorescence resonance energy transfer (FRET) between streptavi-

din-conjugated quantum dots and biotin related Au nanoparticles has been de-

scribed.98 Cation exhange reactions of ionic crystals have been investigated and the

exchange found to be complete and fully reversible.99 A novel nanoparticle based

sensor for nerve gases has been demonstrated.100

Nanoparticles are employed as catalysts for various chemical as well as biochem-

ical reactions. Thus, Au–Pd nanocrystals supported on TiO2 have a high turnover

frequency for the oxidation of alcohols.101 The nanocrystals consist of Au-rich cores

and Pd-rich shells indicating that gold electronically influences the catalytic proper-

ties of palladium. The effect of the nanoparticle shape on the catalytic properties has

been investigated. Tetrahedral platinum nanoparticles are better catalysts than

spherical platinum nanoparticles for the Suzuki reaction between phenylboronic

acid and iodobenzene.102 Switching of directions of bioelectrocatalytic and photo-

electrochemically generated currents at electrode surfaces using hydrophobic mag-

netic nanoparticles has been demonstrated.103 Au-nanoparticle/polyaniline

composite assemblies have been used for the bioelectrocatalytic activation of glucose

oxidase towards the oxidation of glucose.104

Potential applications

Nanocrystals are commercially used as catalysts for various chemical reactions and

as fluorophores in biological imaging. Apart from these applications, several

potential applications have been proposed in the recent literature. Semiconductor

nanocrystals-based blue lasers have been fabricated using CdS-ZnS core-shell

nanocrystals stabilized in a sol–gel matrix.105 Electroluminescence from a single

CdSe nanocrystal transistor has been observed. The light emission occurs when the

bias voltage exceeds the band gap of CdSe.106 Memory effects in the electronic

26 | Annu. Rep. Prog. Chem., Sect. A, 2006, 102, 20–45
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transport are observed in the CdSe nanocrystalline array.107 An electrical transition

induced by high electrical fields has been observed in a device consisting of a

2-naphthalenethiol-capped gold nanoparticle/polystyrene composite sandwiched

between two aluminium electrodes, an observation with potential application in

memory devices.108 Memory effects have also been observed in polyaniline nano-

fibre/gold nanoparticle composites.109

Organic solar cells have been fabricated with an efficiency of 1.5% using

porphyrins and fullerene units along with gold nanoparticles deposited on nanos-

tructured SnO2 electrodes.
110 Solution-processed infrared photovoltaic devices with

monochromatic internal quantum efficiencies exceeding 10% have been reported.111

The active layer in this device consists of PbS nanoparticles and poly(3-octylthio-

phene). Efficient photodetectors based on poly[2-methoxy-5-(20-ethylhexyloxy)-1,4-

phenylenevinylene] and PbSe nanocrystals composite have been fabricated.112 The

observed photocurrent gain is attributed to carrier multiplication in PbSe nanocrys-

tals via multiple exciton generation and efficient charge transport through the

polymer matrix.

Drug delivery using pH-triggered thermally responsive polymer core-shell nano-

particles has been achieved.113 A magnetic nanoprobe consisting of superparamag-

netic nanoparticles coated with a specific molecule of interest has been used to study

molecular interactions in live cells.114 A nanocrystal-based nanomotor consisting of

a single metal nanocrystal sandwiched between mechanical arms has been fabri-

cated.115

3. Nanowires

Synthesis

Silicon nanowires (SiNWs) with diameters in the 5–20 nm range have been prepared

along with nanoparticles of B4 nm diameter by arc-discharge in water.116 SiNWs

have also been synthesized in solution by using gold nanocrystals as seeds and silanes

as precursors.117a A vapor-liquid-solid (VLS) type nanowire growth has been

accomplished by increasing the pressure on the solvent and employing a reaction

temperature above the Au/Si eutectic temperature (640 K). Vertically aligned SiNWs

have been obtained by the chemical vapor deposition (CVD) of SiCl4 on a gold

colloid deposited Si (111) substrate.117b Gold colloids have been used for nanowire

synthesis by the VLS growth mechanism. By manipulating the colloidal deposition

of gold on the substrate, controlled growth of aligned silicon nanowires was

achieved. Solution-liquid-solid synthesis of germanium nanowires (GeNWs) gives

high yields.118 In this work, bismuth nanocrystals were used as seeds for promoting

nanowire growth in trioctylphosphine (TOP), by the decomposition of GeI2 at

B623 K. A solid-phase seeded growth with nickel nanocrystals has been employed

to obtain GeNWs by the thermal decomposition of diphenylgermane in supercritical

toluene.119 A patterned growth of freestanding single-crystalline GeNWs with

uniform distribution and vertical projection has been accomplished recently.120 A

low temperature CVD has been employed to obtain high yields of GeNWs and

nanowire arrays by using gold nanoseeds and patterned nanoseeds, respectively.121

A seed-mediated surfactant method using a cationic surfactant has been developed

to obtain pentagonal silver nanorods.122 Linear Au–Ag nanoparticle chains are

obtained by templated galvanostatic electrodeposition in the pores of anodic

alumina membranes.123 For particle-chain preparation, sacrificial nickel segments

are included between the segments of noble metals (Au, Ag). During
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electrodeposition, the template pore diameter fixes the nanowire width, and the

length of each metal segment is independently controlled by the amount of current

passed before switching to the next plating solution for deposition of the subsequent

segments. Nanowires are released by dissolution of the template, and subsequently

coated in SiO2. Gold nanorods obtained by seed-mediated growth approach employ

B4 nm gold nanospheres as seeds, which react with the metal salt along with the

weak reducing agent such as ascorbic acid in the presence of a directing surfac-

tant.124 The various reaction parameters can be used to control the shape. Addition

of nitric acid significantly enhances the production of gold nanorods with high

aspect ratios (B20) in seed-mediated synthesis.125 A layer-by-layer deposition

approach has been employed to produce polyelectrolyte-coated gold nanorods.126

Depending on the surface chemical functionality of the coated gold nanorods, they

can be selectively immobilized onto cationic or anionic surfaces. Micellar solutions

of nonionic surfactants are employed to obtain nanowires and nanobelts of t-Se,

which are single crystalline.127

A nanoribbon multicomponent precursor has been used to produce nanoparticle

nanoribbons of ZnO.128 The 1-D porous structured nanoribbons are self-assembled

by textured ZnO nanoparticles. Nanobelts of ZnO can be converted into super-

lattice-structured nanohelices due to a rigid lattice rotation or twisting.129 Well-

aligned crystalline ZnO nanorods along with nanotubes can be grown from aqueous

solution on Si wafers, poly(ethylene terephthlate) and sapphire.130 Atomic layer

deposition was first used to grow a uniform ZnO film on the substrate of choice and

to serve as a templating seed layer for the subsequent growth of nanorods and

nanotubes. On this ZnO layer, highly oriented 2-D ZnO nanorod arrays were

obtained by solution growth using zinc nitrate and hexamethylenetetramine in

aqueous solution. A seed-assisted chemical reaction at 368 K is found to yield

uniform, straight, thin single-crystalline ZnO nanorods on a hectogram scale.131

Controlled growth of well-aligned ZnO nanorod arrays has also been accomplished

by an aqueous ammonia solution method.132 In this method, an aqueous ammonia

solution of Zn(NO3)2 is allowed to react with a zinc-coated silicon substrate at a

growth temperature 333–363 K. 3-D interconnected networks of ZnO nanowires and

nanorods have been synthesized by a high temperature solid-vapour deposition

process.133

MgO nanowires and related nanostructures have been produced by carbothermal

synthesis, starting with polycrystalline MgO or Mg with or without the use of metal

catalysts.134 This study has been carried out with different sources of carbon, all of

them yielding interesting nanostructures such as nanosheets, nanobelts, nanotrees

and aligned nanowires. Orthogonally branched single-crystalline MgO nanostruc-

tures have been obtained through a simple chemical vapour transport and con-

densation process in a flowing Ar/O2 atmosphere.135

Catalyst-assisted VLS growth of single-crystal Ga2O3 nanobelts has been accom-

plished through by graphite-assisted thermal reduction of a mixture of Ga2O3 and

SnO2 powders under controlled conditions.136 Zigzag and helical b-Ga2O3 one-

dimensional nanostructures have been produced by the thermal evaporation of

Ga2O3 in the presence of GaN.137 TiO2 nanorods can be obtained on a large scale by

the nonhydrolytic sol–gel ester elimination reaction.138 Here, the reaction is carried

out between titanium (IV) isopropoxide and oleic acid at 543 K to generate 3.4 nm

diameter crystalline TiO2 nanorods. Single-crystalline and well facetted VO2 nano-

wires with rectangular cross sections have been prepared by the vapour transport

method, starting with bulk VO2 powder.
139 Copious quantities of single-crystalline
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and optically transparent Sn-doped In2O3 (ITO) nanowires have been grown on

gold-sputtered Si substrates by carbon-assisted synthesis, starting with a powdered

mixture of the metal nitrates or with a citric acid gel formed by the metal nitrates.140

Bicrystalline nanowires of hematite (a-Fe2O3) have been synthesized by the oxidation

of pure iron.141 Networks of WO3�x nanowires shown in Fig. 3 are produced by the

thermal evaporation of tungsten powder in the presence of oxygen.142 The growth

mechanism involves ordered oxygen vacancies in the (100) and (001) planes which are

parallel to the (010) growth direction. A general and highly effective one-pot synthetic

protocol for producing one-dimensional nanostructures of transition metal oxides such

asW18O49, TiO2, Mn3O4 and V2O5 through a thermally induced crystal growth process

starting from mixtures of metal chlorides and surfactants has been described.143 A

polymer-assisted hydrothermal synthesis of single crystalline tetragonal perovskite PZT

(PbZr0.52Ti0.48O3) nanowires has been carried out.144

Oriented attachment of nanocrystals can be used to make one-dimensional as well

as complex nanostructures. Thus, nanotubes and nanowires of II–VI semiconduc-

tors have been synthesized using surfactants.145 The nanorods or nanotubes of CdS

and other materials produced in this manner actually consist of nanocrystals. The

synthesis of SnO2 nanowires from nanoparticles has been investigated.146 Nanorods

of V2O5 prepared by a polyol process self-assemble into microspheres.147 Cubic ZnS

nanorods are obtained by the oriented attachment mechanism starting with diethyl-

zinc, sulfur and amine.148 ZnS nanowires and nanoribbons with wurtzite structure

Fig. 3 (a) Low-magnification and (b) high-magnification SEM images of tungsten oxide
nanowires (from ref. 142).
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can be prepared by the thermal evaporation of ZnS powder onto silicon substrates,

sputter-coated with a thin (B25 Å) layer of gold film.149 Thermal evaporation of a

mixture of ZnSe and activated carbon powders in the presence of a tin-oxide based

catalyst yields tetrapod-branched ZnSe nanorod architectures.150 Nanorods of

luminescent cubic CdS are obtained by injecting solutions of anhydrous cadmium

acetate and sulfur in octylamine into hexadecylamine.151 CdSe nanowires have been

produced by the cation-exchange route.152 By employing the cation-exchange

reaction between Ag21 and Cd21 Ag2Se nanowires are transformed into single-

crystal CdSe nanowires. A single-source molecular precursor has been used to obtain

blue-emitting, cubic CdSe nanorods (B2.5 nm diameter and 12 nm length) at low

temperatures.153 An organometallic preparation of CdTe nanowires with high aspect

ratios in the wurtzite structure has been described.154 Thermal decomposition of

copper diethyldithiocarbamate (CuS2CNEt2) in a mixed binary surfactant solvent of

dodecanethiol and oleic acid at 433 K gives rise to single-crystal line high aspect ratio

ultrathin nanowires of hexagonal Cu2S.
155

Atmospheric pressure CVD is employed to obtain arrays and networks of uniform

PbS nanowires,156 while PbSe nanowires are obtained in solution through oriented

attachment of PbSe nanocrystals.157 Monodispersed PbTe nanorods of sub-10 nm

diameter are obtained by sonoelectrochemical means by starting with a lead salt and

TeO2 along with nitrilotriacetic acid.158 Using bismuth citrate and thiourea as the

precursor material in DMF, well-segregated, crystalline Bi2S3 nanorods have been

synthesized by a reflux process.159 Single-crystalline Bi2S3 nanowires have also been

obtained by using lysozyme which controls the morphology and directs the formation

of the 1D inorganic material.160 In this method, Bi(NO3)3 � 5H2O, thiourea and

lysozyme are reacted together at 433 K under hydrothermal conditions. A solvent-

less synthesis of orthorhombic Bi2S3 nanorods and nanowires with high aspect ratios

(4100) has been accomplished by the thermal decomposition of bismuth alkylthiolate

precursors in air at B500 K in the presence of a capping ligand species, octanoate.161

Single crystalline AlN, GaN and InN nanowires can be deposited on Si substrates

covered with gold islands by using urea complexes formed with the trichlorides of Al,

Ga and In as the precursors.29 Single crystalline GaN nanowires have been obtained by

the thermal evaporation/decomposition of Ga2O3 powders with ammonia at 1423 K

directly onto a Si substrate coated with a Au film.162 InN nanowires with uniform

diameters has been obtained in large quantities by the reaction of In2O3 powders in

ammonia.163 A general method for the synthesis of Mn-doped nanowires of CdS, ZnS

and GaN based on metal nanocluster-catalyzed chemical vapour deposition has been

described.164 Vertically aligned, catalyst-free InP nanowires have been grown on

InP(III)B substrates by CVD of trimethylindium and phosphine at 623–723.165 Sin-

gle-crystalline nanowires of LaB6, CeB6 and GdB6 have been prepared and deposited

on a Si substrate by the reaction of the rare-earth chlorides with BCl3 in the presence of

hydrogen.166 Nanowires and nanoribbons of NbSe3 have been obtained by the direct

reaction of Nb and Se powders.167 A one-pot metal-organic synthesis of single-

crystalline CoP nanowires with uniform diameters has been reported.168 The method

involves the thermal decomposition of cobalt(II) acetylacetonate and tetradecylpho-

sphonic acid in a mixture of TOPO and hexadecylamine. CoNi nanowires have been

prepared by heterogeneous nucleation in a liquid polyol.169

Self assembly

Surfactant-protected gold nanorods self-assemble into ordered structures in

the presence of adipic acid.170 Gold nanorods can be linked to each other in an
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end-to-end fashion by using cysteine as the molecular bridge.171 End-to-end

assembly of gold nanorods and nanospheres is also accomplished by oligonucleotide

hybridization.172 The rationale behind the selection of the mercaptoalkyloligonu-

cleotide molecule is based on the fact that the thiol group binds to the ends of the

nanorods, which assemble in an end-to-end fashion through hybridization with the

target oligonucleotide. Multi-walled carbon nanotubes (MWNTs) can be effectively

used as templates for aligning gold nanorods as seen in Fig. 4(a).173 The longitudinal

absorption band of the gold nanorods shifts to higher wavelengths as observed in

Fig. 4(b), indicating a preference for preferential stringlike alignment on the surface

of the MWNTs. Alignment of gold nanorods in polymer composites and on polymer

surfaces has been examined.174 By employing the stretch-film method, it was found

that as the polymer was stretched in a direction, the nanorods got oriented with their

long axis along the direction.

For the formation of a linear/oriented assembly of gold nanorods, antigens

specifically binding to antibodies appears to be a feasible approach.175 Anti-mouse

IgG was immobilized on the {111} end faces of gold nanorods through a thioctic acid

containing a terminal carboxyl group. The biofunctionalized nanorods are as-

sembled using mouse IgG for biorecognition and binding. Nanowires and other

nanostructures can be assembled utilizing highly engineered M13 bacteriophage as

Fig. 4 (a) TEM image of Au nanorods assembled on MWNTs surface and (b) UV-Visible
spectra of Au nanorods (dashed lines) and nanorods attached on MWNTs (solid lines) (from
ref. 173).
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templates.176 The phage clones with gold-binding motifs on the capsid and strepta-

vidin-binding motifs at one end are used to assemble Au and CdSe nanocrystals into

ordered one-dimensional arrays and more complex geometries.

Silica nanowires can be assembled on silica aerogel substrates by employing a

scanning tunneling microscope.177 GeNWs prepared by CVD and chemically

functionalized with alkanethiols are found to be soluble in organic solvents and to

readily assemble into close-packed Langmuir–Blodgett films.178

Crystalline WO3 nanowires formed by the decomposition of tungsten isoprop-

oxide in a solution of benzyl alcohol self-assemble into bundles with diameters in the

20–100 nm range and lengths in the 300–1000 nm range.179 WO3 nanostructures

grow and assemble in the presence of deferoxamine mesylate under different reaction

conditions.180 Using a facile solution method, arrays of SnO2 nanorods can be

assembled on the surface of a-Fe2O3 nanotubes.
181

Functionalization of nanowires

Silicon nanowires can be covalently modified with DNA oligonucleotides and such

nanowires show biomolecular recognition properties.182 Gold nanorods are stabi-

lized and conjugated to antibodies for biological applications.183 In2O3 nanowires

have been selectively functionalized for biosensing applications by a simple and mild

self-assembling process, making use of 4-(1,4-dihydroxybenzene)butyl phosphonic

acid (HQ-PA) (Fig. 5).184 Cyclic voltammetry and fluorescence have been used to

study the DNA binding to the functionalized nanowire.

Coaxial nanowires and coatings on nanowires

SiC nanowires can be coated with Ni and Pt nanoparticles (B3 nm) by plasma

enhanced CVD.185 Single and double-shelled coaxial core-shell nanocables of GaP

with SiOx and carbon (GaP/SiOx, GaP/C, GaP/SiOx/C), with selective morphology

and structure, have been synthesized by the thermal CVD.186 Silica-sheathed

3C-Fe7S8 has been prepared on silicon substrates with FeCl2 and sulfur precursors

at 873–1073 K.187 A general procedure has been proposed for producing chemically

bonded ceramic oxide coatings on carbon nanotubes and inorganic nanowires.188

The ceramic oxide-coated structures are obtained by the reaction of reactive metal

chlorides with acid-treated carbon nanotubes or metal oxide nanowires, followed by

hydrolysis with water. On repeating the above process several times followed by

calcination, ceramic coatings of the desired thickness are obtained. Core-sheath CdS

and polyaniline (PANI) coaxial nanocables with enhanced photoluminescence have

been fabricated by an electrochemical method using a porous anodic alumina

membrane as the template.189

Optical properties

The dependence of the fluorescence intensity of gold nanorods on the aspect ratio

has been examined in detail.190 It appears that non-radiative processes dominate the

relaxation mechanism of the excited state. Photoluminescence of CdSxSe1�x nano-

belts can be tuned affording emission varying from 500 nm to 700 nm.191 In the

CdS1�xSex nanowires, the band-gap is engineered by controlling the composition.192

Single-crystal ZnO nanowires can be used as ultraviolet photodetectors.193 Quantum

efficiency and other aspects of ZnO nanowire nanolasers have been investigated.194

The nanowires were prepared on sapphire and Si using PLD and the deferential
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external quantum efficiency was as high as 60% (Fig. 6). Aligned CdS nanowires are

shown to exhibit optical waveguide behaviour on continuous-wave laser excita-

tion.195 The mechanism of lasing action in single CdS nanowire cavities has been

elucidated by temperature-dependent and time-resolved photoluminescence mea-

surements.196 Electric-field modulation of the visible and ultraviolet nanoscale lasers

composed of single CdS and GaN nanowires has been achieved using integrated,

microfabricated electrodes.197 Optically pumped room-temperature lasing in GaN

nanowires with low lasing thresholds has been reported.198 Nanoscale light-emitting

diodes with colours ranging from ultraviolet to near-infrared have been prepared

Fig. 5 (a) Schematic representation of an In2O3 nanowire mat device. The NW is functiona-
lized with a SAM of HQ-PA and is placed between two gold electrodes protected by a SAM of
dodecane-1-thiol. (b) (i) The monolayer of HQ-PA, deposited on the In2O3 nanowire or ITO,
can be reversibly oxidized to Q-PA in an electrochemical cell. (ii) Addition of the probe, thiol-
terminated DNA (HS-DNA) to Q-PA. (iii) Attachment of complementary DNA strand (dye-
DNAf) to the probe DNA. (c) Fifteen consecutive CVs showing the reversible oxidation/
reduction of a SAM of HQ-PA on an ITO glass sheet. (Inset) Chronoamperometry shows the
amount of charge necessary to oxidize a predefined area of HQ-PA: an average of 56.8 mC.
(d) A fluorescence image of ITO surface that was oxidized to Q-PA, reacted with SH-DNA, and
the DNA paired to its complementary DNA strand labeled with a fluorescence dye. (e) A
fluorescence image of ITO with the HQ-PA monolayer went through the same DNA
attachment procedure as that of the ITO sheet in (d), showing little or no DNA binding (from
ref. 184).
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using a solution-based approach in which electron-doped semiconductors are

assembled with hole-doped silicon nanowires in a crossed nanowire architecture.199

Electrical properties

Individual SiNWs exhibit coulomb blockade features, with coherent charge trans-

port through discrete single particle quantum levels extending across the whole

device.200 Electrical properties of single GaN nanowires have been characterized.201

Gate-dependent one-dimensional transport in a single-crystal In2O3 nanowire field-

effect transistor has been studied at low temperatures.202 Field-effect transistors of

ZnO nanowires have been fabricated and studied in vacuum and in a variety of

ambient gases (Fig. 7).203 Field-effect transistors based on the self-assembly of

colloidal ZnO nanorods have also been examined.204 ZnO nanowire field-effect

transistors composed of individual ZnO nanowires can be made using a self-

assembled superlattice as the gate insulator, a device of possible use in flexible

display and logic technologies.205 Top-gated field-effect transistors of core-shell

structured GaP nanowires have been fabricated.206 Storage of electrons in semi-

conductor nanowires (InAs/InP) epitaxially grown from gold nanoparticles have

been demonstrated.207 Electrical properties of inorganic nanowire-polymer compo-

sites such as ZnO, RuO2 and Ag with polyaniline (PANI) as well as with polypyrrole

(PPY) have been examined.208 Thermoelectric properties of electrodeposited bis-

muth telluride nanowires have been reported.209

Field-emission properties of P-doped GaN nanowires synthesized, via a simple

thermal evaporation process, has been examined.210 Large-area nanowires of

organic charge-transfer complexes such as Ag-TCNQ and Cu-TCNQ show field-

emission properties.211

Superconductivity is suppressed in Zn nanowires.212 Photovoltaic applications of

aligned silicon nanowire arrays have been explored.213 Dye-sensitized solar cells

incorporating ZnO nanowires have been assembled.214,215 Dye-sensitized solar cells

using TiO2 single-crystalline nanorod electrodes provide efficient photocurrent

generation in a quasi-solid-state, with a conversion efficiency of 6.2% under 100

mW/cm2.216 Self-powered synthetic nanorotors have been prepared from bar-coded

gold-nickel nanorods having the gold end anchored to the surface of a silicon wafer.

Constant velocity circular movements are observed when hydrogen peroxide is

Fig. 6 (a) SEM image of ZnO nanowires grown by femtosecond PLD. and (b) Spectra of
scattered pump laser light and emission from nanowires (from ref. 194).
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catalytically decomposed to oxygen at the unattached nickel end of the nanorod.217

A high-throughput procedure is reported for lithographically processing one-dimen-

sional nanowires.218 This procedure has been called on-wire lithography.

Magnetic properties

Dynamics of field-driven domain-wall propagation in ferromagnetic nanowires

(Ni80Fe20) have been investigated.219 Magnetoresistive properties of La0.67
Sr0.33MnO3 nanowires have been reported.220 Mn doped GaP nanowires

appear to exhibit ferromagnetism with a Curie temperature higher than room

temperature.221

Some chemical aspects and sensor applications

Intercalation of lithium ions in TiO2–B nanowires has been performed without any

structural degradation or loss of nanowire morphology.222 Arrayed gold nanowires

provide a useful platform for the electrochemical detection of DNA.223 Remote-

controlled autonomous movement of stripped metallic nanorods (catalytic nano-

motors) has been reported.224 ZnO nanorods integrated with a microchannel show a

sensitivity (change in conductance) to the pH of the medium, suggesting that they

Fig. 7 (a) SEM micrograph of a 101 nm diameter ZnO nanowire device (b) Current (Isd) vs.
voltage (Vsd) curves recorded at different gate voltages for the device shown in (a). Curves 1–5
correspond to gate voltages of �10,�5, 0,þ5, andþ10 V, respectively. (c) Current (Isd) vs. gate
voltage (VG) of the same device measured at bias voltages from 0.1 to 1.0 V. Curves 1–10
correspond to bias voltages of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 V, respectively.
The inset plots the current (Isd) vs. gate voltage (VG) measured at a bias voltage of 0.5Vsd on a
logarithmic scale. (d) Carrier concentration (ne) vs. mobility (m;) for all transistor devices
fabricated (from ref. 203).
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can be used in sensor applications.225 Hydrogen and ethanol sensing characteristics

of pure and Pt-impregnated ZnO nanorods and nanowires have been investigated.226

Both nanorods and nanowires exhibit good sensing characteristics for 1000 ppm of

ethanol at or below 423 K, where as Pt impregnated nanorods and nanowires show

better sensitivity for both hydrogen and ethanol as shown in Fig. 8. Field-effect

transistors fabricated with ZnO nanowires have been used for sensing NO2 and

ammonia at room temperature.227 LiMo3Se3 nanowire films show variation of

conductivity in the presence of various chemical vapors suggesting possible use as

chemical sensors.228

In2O3 nanowires along with carbon nanotubes can be usefully employed for the

complementary detection of prostate-specific antigen biomolecules.229 SnO2 nano-

belts have been integrated with microsystems for nerve agent detection.230 Using

silicon nanowire field-effect devices, multiplexed electrical detection of cancer

markers has been achieved.231

Mechanical properties

Gold nanowires show a Young’s modulus which is essentially independent of

diameter whereas the yield strength is largest for the smallest diameter nanowires.232

Fig. 8 Sensitivity of Pt-impregnated ZnO nanowires for (a) 1000 ppm H2 and (b) 1000 ppm
ethanol (from ref. 226).
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The elastic modulus of (0001) ZnO nanowires grown on a sapphire surface has been

measured (29 � 8 GPa) using atomic force microscopy.233 ZnS nanobelts exhibit

79% increase in hardness and 52% decrease in elastic modulus compared to bulk

ZnS.234 A large increase in the elastic strength (B90%) and tensile strength (B70%)

has been observed on incorporation of inorganic nanowires of SiC and Al2O3 in

poly(vinyl alcohol).235

4. Inorganic nanotubes

Synthesis

The synthesis and characterization of nanotubes of inorganic materials including

elements, oxides and chalcogenides have been widely reported in the recent

literature.236 Several inorganic nanotubes have been synthesized during the last year

by different strategies. Thus, a low-temperature route for synthesizing highly

oriented ZnO nanotubes/nanorod arrays has been reported.237 In this work, a radio

frequency magnetron-sputtering technique was used to prepare ZnO-film-coated

substrates for subsequent growth of the oriented nanostructures. High aspect-ratio,

self-organized nanotubes of TiO2 are obtained by anodization of titanium.238a These

self-organized regular porous structures consist of pore arrays with a uniform pore

diameter of B100 nm and an average spacing of 150 nm. The pore mouths are open

on the top of the layer while on the bottom of the structure the tubes are closed by

the presence of a ca 50 nm thick barrier of TiO2. Electrochemical etching of titanium

under potentiostatic conditions in fluorinated dimethyl sulfoxide and ethanol (1 : 1)

under a range of anodizing conditions gives rise to ordered TiO2 nanotube

arrays.238b TiO2-B nanotubes can be prepared by hydrothermal methods.239 Lithium

is readily intercalated into the TiO2-B nanotubes up to a composition of Li0.98TiO2

compared with Li0.91TiO2 for the corresponding nanowires. Intercalation of alkali

metals into titanate nanotubes has also been investigated.240

Transition metal oxide nanotubes have been prepared in water using iced lipid

nanotubes as the template.241 Self-assembled cholesterol derivatives act as a template

as well as a catalyst for the sol–gel polymerization of inorganic precursors to give rise

to double-walled tubular structures of transition metal oxides.242 Hyrdothermal

synthesis of single-crystalline a-Fe2O3 nanotubes has been accomplished.243 Nano-

tubes of single crystalline Fe3O4 have been prepared by wet-etching of MgO inner

cores of MgO/Fe3O4 core-shell nanowires.244 Cerium oxide nanotubes can be

prepared by the controlled annealing of the as-formed Ce(OH)3 nanotubes.
245

Boron nitride nanotubes can be grown directly on substrates at 873 K by a

plasma-enhanced laser-deposition technique.246 Nanotubes and onions of GaS and

GaSe have been generated through laser and thermally induced exfoliation of the

bulk powders.247 GaP nanotubes with zinc blend structure have been prepared by

the VLS mechanism.248 Open-ended gold nanotube arrays have been obtained by the

electrochemical deposition of Au onto arrays of nickel nanorod templates followed

by selective removal of the templates.249 Free-standing, electro-conductive nano-

tubular sheets of indium tin oxide with different In/Sn ratios have been fabricated by

using cellulose as the template.250

Solubilization and functionalization

Boron nitride nanotubes can be dissolved in organic solvents by wrapping them with

a polymer.251 Such a solution does not destroy the intrinsic properties due to the
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noncovalent functionalization of the BN nanotubes. Functionalization and solubi-

lization of BN nanotubes have been carried out based on the interactions of the

amino groups with the boron atoms of the nanotube surface.252 Solubilization here is

based on the interactions of the amino groups in oligomeric diamine-terminated

poly(ethyleneglycol) with the BN nanotube surface. Covalent functionalizaion of

BN nanotubes has been accomplished by a reaction between the COCl group of

stearoylchloride and the amino groups on the BN nanotubes.253 BN nanotubes have

been fluorinated through the introduction of F atoms at the stage of the nanotube

growth for possible applications in nanoelectronics.254 Inorganic nanotubes have

been integrated with microfluidic systems to create devices for single DNA molecule

sensing.255 A schematic diagram and a SEM image of the microfluidic devices are

shown in Fig. 9. Hybrid nanotubes with concentric organic and inorganic layers are

obtained by the self-assembly of glycolipids on silica nanotubes.256

Properties and applications

BN nanotubes have been shown to chemisorb hydrogen.257 Fluorescent silica

nanotubes are suggested to be useful in gene delivery.258 Protein biosensors based

Fig. 9 Inorganic nanotube nanofluidic device: (a) Schematic of device structure features a
single nanotube bridging two microfluidic channels to form a nanofluidic system. (b) Scanning
electron micrograph of the nanofluidic device before cover bonding. Scale bar represents 10 mm.
Inset shows cross-section view of the nanotube embedded between two silicon dioxide layers.
Scale bar represents 100 nm (from ref. 255).

38 | Annu. Rep. Prog. Chem., Sect. A, 2006, 102, 20–45

This journal is �c The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 2

8 
Fe

br
ua

ry
 2

01
1

Pu
bl

is
he

d 
on

 0
7 

Ju
ne

 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

51
61

74
F

View Online

http://dx.doi.org/10.1039/B516174F


on biofunctionalized conical gold nanotubes have been fabricated.259 Ferroelectric

phase transitions in template-synthesized BaTiO3 nanotubes and nanofibres have

been examined.260 Ferroelectric and piezoelectric properties of biferroic BiFeO3

nanotube arrays have been studied.261 Highly efficient a-Fe2O3 nanotube chemical

sensors based on chemiluminescence have been fabricated to detect H2S gas, using

carbon nanotubes as templates.262 The a-Fe2O3 nanotubes have a high specific area

and exhibit excellent sensitivity to reductive vapors and gases such as alcohol and

hydrogen and superior electrochemical activity of 1415 mAhg�1 at 100 mAg�1

(293 K).263 LiCoO2, LiMn2O4 and LiNi0.8Co0.2O2 nanotubes, synthesized by the

thermal decomposition of sol–gel precursors inside porous alumina templates have

been examined as cathode materials for lithium ion batteries.264 Inorganic nanotubes

have been integrated into metal-oxide-solution field-effect transistors which exhibit

rapid field effect modulation of ionic conductance.265 Halloysite nanotubes can be

employed as hollow enzymatic nanoreactors.266

5. Concluding remarks

The highlights of inorganic nanocrystals, nanowires and nanotubes provided in the

previous sections indicate the vitality of the subject. Clearly, the subject is exploding

considering the number of papers published in the last year. There is no doubt that

the subject has come of age with many useful properties of inorganic nanomaterials

being constantly discovered, many of them having potential applications. There is

little doubt that the subject will grow during the next decade with the discovery of

new materials as well as properties and phenomena of importance.
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