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One-Dimensional Metal-Oxide Nanostructures: Recent
Developments in Synthesis, Characterization, and

Applications

Rupesh S. Devan, Ranjit A. Patil, Jin-Han Lin, and Yuan-Ron Ma*

1D metal-oxide nanostructures have attracted much attention because metal
oxides are the most fascinating functional materials. The 1D morphologies
can easily enhance the unique properties of the metal-oxide nanostructures,
which make them suitable for a wide variety of applications, including gas
sensors, electrochromic devices, light-emitting diodes, field emitters, super-
capacitors, nanoelectronics, and nanogenerators. Therefore, much effort has
been made to synthesize and characterize 1D metal-oxide nanostructures

and have been widely exploited in various
technological applications.

Currently, the rapid development of
nanoscience and nanotechnology has
greatly motivated the scientific commu-
nity and industry to explore new features
of both typical and novel materials at the
nanoscale level. Materials at a nanoscale
level are known as the nanomaterials. In
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in the forms of nanorods, nanowires, nanotubes, nanobelts, etc. Various
physical and chemical deposition techniques and growth mechanisms are
exploited and developed to control the morphology, identical shape, uniform
size, perfect crystalline structure, defects, and homogenous stoichiometry of
the 1D metal-oxide nanostructures. Here a comprehensive review of recent
developments in novel synthesis, exceptional characteristics, and prominent
applications of one-dimensional nanostructures of tungsten oxides, molyb-
denum oxides, tantalum oxides, vanadium oxides, niobium oxides, titanium
oxides, nickel oxides, zinc oxides, bismuth oxides, and tin oxides is provided.

1. Introduction

Over the past few decades, researchers have become increasingly
engrossed in the study of metal-oxides. Metal-oxides are ionic
compounds that are made up of positive metallic and negative
oxygen ions. The electrostatic interactions between the positive
metallic and negative oxygen ions result in firm and solid ionic
bonds. The s-shells of metal-oxides are completely filled, so that
most of the metal-oxides have good thermal and chemical sta-
bility.”) However, their d-shells may be not completely filled,
giving them a variety of unique properties that make them
potentially of great use in electronic devices. These unique prop-
erties include wide bandgaps,># high dielectric constants,>~7!
reactive electronic transitions,®? and good electrical 'l
optical,'213l and electrochromic characteristics,l'*1°! as well
as superconductivity.'7l Therefore, metal-oxides are consid-
ered to be some of the most fascinating functional materials
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general nanomaterials can be categorized
as having three different morphologies or
nanostructures: 0D, 1D, and 2D nanos-
tructures. It should be noted that when
the size and dimensionality are reduced,
the electronic structures of the nanomate-
rials are different from those of the bulk
material.l'®1°1 These differences in the
electronic structures can cause a variety of
changes in both chemical® and physical
properties.?!l Hence, nanomaterials with
at least one dimension between 1 and
100 nm are treated as new materials.
Among all nanomaterials, 1D nanostructures are more appli-
cable to nanoelectronics and nanodevices because all of them
have a 1D morphology. Namely, the widths and thickess of the
1D nanostructures are confined to the nanoscale range between
1 and 100 nm, but the lengths can be a few millimeters long or
more. The millimeter length scale allows the 1D nanostructures
to contact the macroscopic world for many physical measure-
ments. Therefore, the 1D morphology is more suitable for the
fabrication of building blocks,?2-2*l making electrical measure-
ment with two terminals easier.?>2°]

Enormous efforts have so far been made to synthesize and
characterize 1D metal-oxide nanostructures in the forms of
rods, 2731 wires,3234  needles, 3539 tubes, 37381 Delts, 3
hooks,*?l cables (i.e., coaxial wires),>* ribbons,*>4°! fibers,*’]
tips,*¥] helices (or spirals),***% and zigzags.’% The 1D forms
can enhance the unique properties of the material, making
them suitable for a wide variety of applications such as biosen-
sors,P132l gas sensors, 3% smart windows, P68 solar cells, P63l
supercapacitors, 4% photodetectors, %1 light-emitting
diodes,!®! field emissions,”%”! and field-effect transistors.’>~7°!
These 1D metal-oxide nanostructures have triggered a lot of
excitement and allowed breakthrough achievements in all areas
of electronics. However, the 1D metal-oxide nanostructures do
still have drawbacks. For example, in comparison with the bulk
materials, the low dimension and small size make the melting
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point lower but the resistivity higher, so the thermal and chem-
ical stability of the 1D metal-oxide nanostructures may be weak-
ened. In other words, overheating caused by the passage of
high currents through the nanodevices or nanoelectronics can
easily burn the 1D metal-oxide nanostructures causing them to
break. Ideally the 1D metal-oxide nanostructures used for the
nanodevices or nanoelectronics are expected to be identical
in shape, uniform in size, perfect in crystalline structure, and
easy in taking apart, and have no morphological defects and a
consistent chemical composition. However, control of the mor-
phology, shape, size, crystalline structure, and chemical compo-
sition of the 1D metal-oxide nanostructures remains a challenge
in the development of 1D controllable synthesis methods.

A number of physical and chemical methods have been use
to achieve the goals of identical shape, uniform size, perfect
crystals, no defects, and homogenous stoichiometry in the syn-
thesis of ideal 1D metal-oxide nanostructures. In Section 2, we
introduce some of the synthesis techniques for the production of
various 1D metal-oxide nanostructures, covering the theoretical
and experimental aspects of recent developments, such as 1D
nanostructure design, processing, modeling, and fabrication. In
Section 3, we present several growth mechanisms for the growth
of 1D metal-oxide nanostructures. Since such 1D nanostructures
possess a highly anisotropic morphology, they preferentially
grow along one particular crystalline direction to form the 1D
morphology. This anisotropic growth is strongly dominated by
internal and external stresses, such as easy-growth lattice-planes
and template confinement, respectively. In Section 4, we provide
a comprehensive review of a variety of 1D metal-oxide nanos-
tructures, including tungsten oxides, molybdenum oxides, tan-
talum oxides, vanadium oxides, niobium oxides, titanium oxides,
nickel oxides, zinc oxides, bismuth oxides, tin oxides, etc. These
1D metal-oxide nanostructures are characterized using various
microscopic analytic techniques. The microscopic results dem-
onstrate that the physical, chemical, electronic, optical, and mag-
netic properties are unique and different from the bulk mate-
rials. In Section 5, we introduce the reader to recent applications
that take advantage of 1D metal-oxide nanostructures. The appli-
cations include gas sensors, electrochromic devices, LEDs, field
emitters, supercapacitors, nanoelectronics, and nanogenerators.
In Section 6, some concluding remarks and perspectives on the
1D metal-oxides nanostructure are offered. We hope this article
can provide the readers with snapshots of the recent develop-
ment and future challenges.

2. Synthesis Techniques

A variety of synthesis techniques have been developed to syn-
thesize 1D metal-oxide nanostructures. These synthesis tech-
niques can be categorized into two methods: i) direct physical
deposition techniques and ii) direct chemical deposition tech-
niques. Each method has its own advantages and strategy for
the synthesis of 1D metal-oxide nanostructures. For example,
physical deposition methods, such as lithographic techniques,
are good for the “top-down” approach, while chemical deposi-
tion methods are usually used for the “bottom-up” approach. In
this section, we briefly describe various physical and chemical
deposition techniques for 1D metal-oxide nanostructures.
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2.1. Direct Physical Deposition Techniques

The direct physical deposition techniques include thermal
evaporation, molecular beam epitaxial, sputtering, laser abla-
tion, confinement growth, lithography, etc. When atoms and
molecules of the metal-oxides or compounds grow in a prefer-
ential direction with or without external physical forces, the 1D
morphology is naturally formed. Although the as-synthesized
nanostructures are metal-oxides or compounds, the physical
deposition techniques basically involve no chemical reactions
during the synthesis of 1D metal-oxide nanostructures.

2.1.1. Physical Vapor Deposition (PVD)

Thermal evaporation, namely physical vapor deposition (PVD),
is one of the most important techniques. A tube furnace,?*7¢77]
as shown in Figure 1, is typically used for thermal evaporation.
Massive 1D metal-oxide nanobelts can be synthesized in tube
furnaces. Bulk metal-oxides are placed in the tube furnace and
annealed at high temperatures in high vacuum environments or
ambient inert gases. The heat causes the atoms or molecules to
escape from the surface of the bulk metal-oxide material. That is
to say, the surface atoms or molecules sublimate into metal-oxide
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Figure 1. Schematic diagram of tube furnace for synthesis of 1D
nanostructures.

vapor. When the metal-oxide vapor encounters a substrate, it
condenses into 1D metal-oxide nanostructures. Molecular beam
epitaxy, sputtering, and laser ablation are also types of PVD tech-
niques. The high-energy electrons and photons of the molecular
beam epitaxial and laser ablation techniques cause the surface
atoms or molecules of the metal-oxide to sublimate in their
gas phases, while with the sputtering techniques the surface of
the bulk metal-oxide is bombarded with argon ions to generate
small clusters. Sputtering!’®l and laser ablation””! techniques can
be used to synthesize colossal 1D metal-oxide nanostructures.
However, the molecular beam epitaxial techniquel®#! is mostly
used to synthesize 1D nanostructures of III-V compounds, not
metal-oxides. The PVD techniques mainly involve vapor-solid
growth without metallic catalysts. The growth mechanism of the
PVD will be discussed in Section 3.

2.1.2. Confinement Growth

Confinement growth includes template-based and capping-
reagent synthesis. Template-based synthesis has become the most

Figure 2. a,b) SEM images showing the top and cross-sectional views of an AAO template.
Reproduced with permission.®3 Copyright 2006, Elsevier. The AAO template has straight 1D
porous channels: ¢,d) 1D nanostructures constrained to grow in the straight porous channels
and a capping reagent. The arrows indicate the growth directions of the 1D nanostructures.
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common technique for the fabrication of 1D nanostructures. In
comparison with the template free synthesis, template-based
synthesis offers an easy way to fabricate metal-oxides into 1D
nanostructures. Various template-based syntheses models®2-84
have been reviewed for 1D metal-oxide nanostructures. Tem-
plates are used to assist in the formation of 1D nanostructures
in nanomaterials because the templates can confine nanomate-
rial growth in the 1D freedom nanoscale space. For example,
porous anodic aluminum oxide (AAO) plates form a very good
template to synthesize various 1D nanostructures of metal and
metal-oxides.®>8¢] The scanning electron microscopy (SEM)
images in Figure 2a,b show the top and cross-sectional views
of a porous AAO template, The AAO template provides straight
1D long-distance porous channels, as displayed in the sche-
matic diagram in Figure 2c. The channels can be a few hundred
nanometers long and less than 100 nm in diameter. The straight
porous channels only allow the 1D nanostructures to grow verti-
cally and upwards. The walls constrain the horizontal growth in
the other two dimensions. The arrows in Figure 2c indicate the
growth directions of the 1D nanostructures. It is not only porous
channels that can be used as templates to confine 1D nanomate-
rial growth, capping-reagents,®”] and viruses®! can also be used
in this way. The schematic diagram in Figure 2d shows how the
capping reagent constrains the growth of 1D nanostructures.
Capping-reagents and viruses possess self-assembly properties
and they can accomplish the purpose of confinement growth.

2.1.3. Lithographic Techniques

The lithographic techniques include electron-beam lithography,
focused-ion-beam lithography, and dip-pen nanolithography.
These techniques have made great contribu-
tions to the growth of 1D nanostructures, but
the high cost and low throughput for large-
scale 1D nanostructures are still challenges.
The lithographic techniques have inherent
advantages for the synthesis of 1D nanostruc-
tures, such as making possible the fabrication
of large-scale and well-aligned arrays, and
are therefore exploited in order to fabricate
various designed-geometry patterns on solid
substrates. Figure 3a shows a schematic rep-
resentation of the lithographic processes for
fabricating various designed-geometry pat-
terns. For details of the parameters of the lith-
ographic processes see ref. [89]. Normally the
designed geometric patterns can possess com-
plicated micro- or nanostructures, as shown in
Figure 3b,c. Figure 3b,c show SEM images of
the designed-geometry lithographic patterns
(top and side views). The lithographic patterns
can be used as templates for growth of the
1D nanostructures in the designed geometry.
For example, 1D nanostructures can grow on
preferential sites, such as shadow sites, 8%
V-grooves,B%%0  cleaved edges,®! and step
edges® during the PVD process, especially
during glancing angle deposition (GLAD).F¥
The GLAD technique will be described in

Adv. Funct. Mater. 2012, 22, 3326-3370
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Figure 3. a) Schematic diagram of the lithographic processes. All details
of the lithographic processes have been described in ref. [89]. b,c) SEM
images showing the top and side views of the designed geometric litho-
graphic patterns. Reproduced with permission.®l Copyright 2005, Amer-
ican Chemical Society.

Section 2.1.4. The lithographic techniques are a type of top-down
approach that is widely used in the semiconductor industry at
the present time. They can produce 1D nanostructures with very
uniform bodies. However, the physical limits of the top-down
approaches will soon be reached. The physical limits are related
to the electron transport when the sizes of the 1D metal nano-
structures are smaller than the mean free paths of the electrons.
The electron transport in very small 1D metal nanostructures will
be different from the electron drift in the bulk material, which
has also motivated global efforts to seek new strategies to meet
the demands for increased computational performance speed.

2.1.4. Glancing Angle Deposition

Glancing angle deposition (GLAD) is one of the direct physical
deposition techniques that can be used to fabricate large-area
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ordered arrays of 1D metal-oxide nanostructures, especially
nanohelices and nanozigzags.”® The schematic diagram in
Figure 4a shows the GLAD setup.¥] A flowing vapor flux of
atoms or molecules is incident to the substrate at an angle o
with respect to the surface’s normal direction in a vacuum. Some
island seeds form first and are randomly distributed on the
substrate surface, as shown in the upper panel of Figure 4b.*Y
As the vapor flux continues to impinge on the substrate sur-
faces, the island seeds become 1D nanostructures, as shown in
the lower panel of Figure 4b. The GLAD technique is utilized in
order to control the incident angle, namely by manipulating the
shadow edges or the tilt of the 1D nanostructures. When the
substrate is rotated around the surface’s normal direction,
the morphology of the 1D nanostructures will be dramatically
changed.%9394 This is because the growth directions of the
1D nanostructures are strongly dependant on the incidence of

Q- Rotation
O - Rotation

o Substrate

Normal
(a)

Figure 4. a) Schematic diagram showing the GLAD setup. Reproduced
with permission.®3l Copyright 2004, The Optical Society. PVD-generated
vapor flux is incident on a substrate with a large angle o with respect to
the surface normal direction. b) The GLAD process. Reproduced with
permission.®!l Copyright 2003, SPIE. The substrate continuously receives
vapor flux from the incident direction. First, some island seeds are ran-
domly distributed on the substrate surface, as shown in the upper panel.
They then become 1D nanostructures, as shown in the lower panel.
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vapor flux. The 1D morphology of nanohelices, nanospirals,
and nanozigzags can be easily controlled by varying the angle
and speed of the substrate rotation. Therefore, utilizing GLAD,
it is furthermore possible to synthesize multifaceted 1D nano-
structures that are expected to enhance the multifarious func-
tionality for nanodevices or nanoelectronics.

2.2. Direct Chemical Deposition Techniques

There are obviously more direct chemical deposition techniques
than direct physical deposition techniques. These synthesis
methods include chemical vapor deposition (CVD), hot-filament
metal-oxide vapor deposition (HFMOVD), thermal oxidation,
solvothermal, sol-gel syntheses, etc. Direct chemical deposition
techniques involve chemical reactions during the synthesis of
1D metal-oxide nanostructures. Oxygen gas plays an important
role in the synthesis of 1D metal-oxide nanostructures.

2.2.1. Chemical Vapor Deposition

The semiconductor industry often uses different CVD tech-
niques to produce compounds because of their advantages
over PVD techniques. The CVD techniques include atmos-
pheric-pressure, hot-filament, thermal-active, metal-organic,
microwave-plasma, plasma-enhanced, low-temperature, and
photo-assisted types. These various techniques essentially
involve the chemical reactions and dissociations of reactive
gases and volatile precursors at different pressures with specific
flow rates so as to produce resultant compounds on the sub-
strates. Figure 5 shows schematic representations of the micro-
wave-plasma (a) and hot-filament (b) CVD techniques. For the
microwave-plasma CVD technique, the reactive gases absorb
microwaves to produce plasma in the quartz tube. Plasma is
composed of excited gases containing dissociated and reac-
tive gases leading to the synthesis of 1D nanoproducts on the
sample holder. In the hot-filament CVD technique, the reactive
gases are associated and the associated gases also react with the
hot filaments. Metal-oxides are one of the resultant compounds
meaning that 1D metal-oxide nanostructures can be easily syn-
thesized using the CVD techniques.! For example, nanoscale
metallic catalysts are used in the CVD techniques to grow 1D
metal-oxide nanostructures.’®%’] The diameters or widths of
the 1D metal-oxide nanostructures strongly depend on the sizes
of the nanoscale metallic catalysts. In fact, the structural mor-
phology of 1D metal-oxide nanostructures is associated with
the substrate temperature, molecule surface-diffusion rate, and
concentrations of metal and oxygen vapors.

To take greater advantage of the CVD techniques for synthe-
sizing 1D metal-oxide nanostructures, more attention is needed
to overcome the disadvantages of the process, which include:
i) precursor volatility at near room-temperature, ii) high depo-
sition temperatures, iii) slow deposition rates, iv) chemical
contamination, and v) difficulty in depositing multicomponent
materials (mixed metal-oxides) using multisource precursors
because different precursors have different vaporization rates.
Basically, the high deposition temperatures of the CVD proc-
esses restrict their usage for the synthesis of 1D nanostructure
because the high temperatures easily ruin the 1D morphology
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Figure 5. Schematic diagram of the a) microwave-plasma and b) hot-
filament CVD techniques.

while promoting thin-film growth. However, 1D metal-oxide
nanostructures can be grown at high deposition temperatures,
because of their good thermal and chemical stability."?l In Sec-
tion 2.2.2, we introduce several 1D metal-oxide nanostructures
grown at high deposition temperatures using the hot-filament
metal-oxide vapor deposition (HFMOVD) technique. In con-
trast to the CVD techniques mentioned above, and apart from
the low-temperature CVD technique, metal-organic chemical
vapor deposition (MOCVD) techniques can reduce deposi-
tion temperatures so they can be utilized for the growth of 1D
metal-oxide nanostructures.®® The MOCVD technique offers
the advantages of thickness control, accurate doping, large area
deposition, and morphological variety. Most of the CVD syn-
thesis techniques offer self-catalytic or layer-by-layer growth of
1D metal-oxide nanostructures.

2.2.2. Hot-Filament Metal-Oxide Vapor Deposition

HFMOVDI28-314299-1011 can be classified as one of the CVD
techniques because of its similarity to conventional hot-filament

Adv. Funct. Mater. 2012, 22, 3326-3370



NCED
FUNCTIONAL
MATERIALS

M \llfﬁ"§

www.MaterialsViews.com

Si wafer

Filaments

Pumping
out

Figure 6. Schematic diagram of the HFMOVD technique.

chemical vapor deposition (HFCVD) techniques. However, the
hot-filaments in the HFMOVD not only play an assistant role
during deposition, but also become metal-vapor sources at high
temperatures. When the metal filaments are heated to tem-
peratures just higher than half of their melting point, the sur-
face metals of the hot-filaments sublimate into the gas phase.
The HFMOVD technique does not require the inlet of reac-
tive gases for the synthesis of 1D metal-oxide nanostructures
because the metal vapor can react with the residual oxygen gas
in the chamber. Note that the chamber is pumped down to 1
x 1072 Torr so very small amounts of oxygen and nitrogen gas
still remain in the chamber. HFMOVD is a simple and cost-
effective technique. A schematic diagram of the HFMOVD
technique is shown in Figure 6. High current is passed through
metal filaments mounted on the two electrodes in order to
generate metal vapor. The HFMOVD technique involves three
growth processes: i) thermal sublimation from the hot metal
filament, ii) chemical vapor reaction of the sublimated metal-
vapor with residual oxygen gas, and iii) condensation of the
metal-oxide vapor to form 1D nanostructures. The three growth
processes allow the HFMOVD technique to provide the catalyst-
free vapor-solid (VS) growth for the synthesis of 1D metal-oxide
nanostructures.

2.2.3. Sol-Gel Technique

The sol-gel technique is a wet-chemical process widely used in
the fields of glass and ceramics, which involves the evolution of
integrated inorganic networks through colloidal solutions (sol)
and gelatinized colloidal solutions (gel) in liquid phases. The
colloidal solution (sol) acts as the precursor for the integrated
inorganic network (gel). Namely, when the liquid is removed
from the sol, the sol becomes a gel. The sol-gel technique can
be used to synthesize 1D metal-oxide nanostructures.®>10%
Typically, the precursors are alkali metal oxides or metal salts
(such as chlorides, nitrates and acetates), usually surrounded
by various reactive ligands. Hence, the precursors can undergo
various processes of hydrolysis and condensation reactions.
The starting material in the sol is processed to form dispersive

Adv. Funct. Mater. 2012, 22, 3326-3370

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

metal oxides in contact with liquid water or diluted acid.
Removal of the liquid water or diluted acid from the sol yields
a gel, and the sol/gel transitions control the particle size and
shape. For example, the calcination of the gel produces metal
oxides. Schematic diagrams of the sol-gel technique for the syn-
thesis of 1D metal-oxide nanostructures are shown in Figure 7.
Figure 7a shows how the colloidal suspension (sol) of alkali
metal oxides or metal salts is dissolved in solvents. Hydrolysis
and condensation take place in the sol that is poured on the
spinning substrates. As the sol is spun, the hydrolysis and con-
densation proceed continuously. As the sol gradually becomes
a gel, the colloidal suspension coalesces to form 1D nanostruc-
tures due to the self-assembly effect, as shown in Figure 7b.
The gel can be heated to completely remove the liquid water or
dilute acid in the formation of the 1D metal-oxide nanostruc-
tures, as shown Figure 7c.

(@)

Figure 7. Schematic diagrams of the sol-gel technique: a) the colloidal
suspension in the sol is represented by yellow spots; b) sol is spun to
form a gel; and c) after the heat treatment 1D metal-oxide nanostructures
grow on the substrate.
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Figure 8. Schematic diagram of the solvothermal technique. The red
arrows represent the external heating.

2.2.4. Solvothermal Technique

The solvothermal technique is a simple and universal synthesis
method that utilizes solvents at moderate temperatures and
high pressures for growing chemical compounds. It is very
similar to the hydrothermal technique, the difference between
the two techniques being in the precursor solutions. Namely,
aqueous and non-aqueous precursor solutions are used for the
hydrothermal and solvothermal techniques, respectively. The
solvothermal technique is illustrated schematically in Figure 8.
Appropriate metal-organic precursors and feasible reagents
(e.g., glycine) are added to the solvent. The chemical reactions
take place at critical temperatures and pressures in a stainless
steel autoclave. The red arrows represent the external heating.
Most of the metallic materials used to facilitate the growth of
1D metal-oxide nanostructures, such as CeO, nanorods('%!
and WO; nanowires, are soluble in appropriate solvents.[1%4
The solvothermal technique can be used with the sol-gel tech-
nique. The size distribution, shape, and crystallinity of the 1D
metal-oxide nanostructures can be precisely controlled by using
appropriate parameters, such as the working temperature, reac-
tion time, solvents, surfactants, and precursors.

3. Growth Mechanisms of 1D Metal-Oxide
Nanostructures

As mentioned in Section 2, a large number of physical and
chemical synthesis techniques have been used to grow a variety
of 1D metal-oxide nanostructures. This section discusses the
growth mechanisms of the 1D metal-oxide nanostructures for
these techniques. The growth mechanisms basically involve
physical or chemical reactions, nucleation, assemblies, and
crystallization. The physical or chemical reactions of atoms,
molecules, and ions primarily depend on the experimental
setup and parameters so the reactions can strongly affect the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MakSeS

www.MatermIsVnews.com

nucleation. During this process the nuclei play an important
role because they formed seeds for the growth of the 1D metal-
oxide nanostructures. Their sizes, numbers, and morphology
have a tremendous influence on the assembly of the atoms,
molecules, and ions. In fact, the assemblies following nuclea-
tion decide the crystallization. Namely, the crystalline struc-
tures and morphology of the 1D metal-oxide nanostructures
can be determined by the assemblies. Therefore, based on the
reactions, nucleation, assemblies, and crystallization, we gener-
ally categorize the growth mechanisms into three types: vapor-
liquid-solid (VLS), vapor-solid (VS), and solution-liquid-solid
(SLS) growth mechanisms.

3.1. Vapor-Liquid-Solid (VLS) Growth Mechanism

Since the VLS growth mechanism was first reported for the
growth of Si single crystals in 1964,1% it has been widely
applied for the growth of a variety of 1D metal-oxide nanostruc-
tures.l19197] Figure 9 show a schematic representation of the
VLS growth mechanism. Catalysis plays an important role in
the VLS growth mechanism. Metallic particles are used as cata-
Iytic seeds for the synthesis of crystalline 1D nanostructures,
as shown in Figure 9a. The metallic particles become liquid
eutectic alloys with reactive vapors at a certain temperature
and the reactive vapors act as solutes, dissolving into metallic
particles, as shown in Figure 9b. As the reactive vapor is con-
tinuously provided, the solutes in the liquid eutectic alloys are
eventually saturate. The solutes then precipitate to form crystal-
line solid phases on the outside of the liquid eutectic alloys, as
shown in Figure 9c. For a period of time, the crystalline solid
phases grow as 1D nanostructures, as shown in Figure 9d.
Obviously, the sizes and shapes of the 1D nanostructures that
form during the VLS growth process are strongly dependent
on the liquid eutectic alloys,!'%l so selecting catalytic metals
for the growth of 1D metal-oxide nanostructures is the major
challenge.

-6*#

_
I

Figure 9. Schematic diagrams showing the VLS growth mechanism. The
metallic particles (highlighted in green) used as catalytic seeds become
liquid eutectic alloys (highlighted in blue) when reactive vapor (repre-
sented by dashed arrows) is continuously supplied. The 1D nanostructure
(highlighted in yellow) grows during solute saturations.
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3.2. Vapor-Solid Growth Mechanism

The VS growth mechanism is different from the VLS growth
mechanism because no catalytic liquid metal is needed to assist
in the growth of the 1D metal-oxide nanostructures. Only vapor
and solid phases are involved in the VS growth mechanism.
Self-catalysis is one of main factors. Since there are no cata-
Iytic liquid metals, the crystalline solids gain material directly
from the heavy active vapors. As a consequence of the VS
growth mechanism, materials anisotropically gain along the
preferential axis to form the 1D morphology. There are three
processes involved in the VS growth mechanism for the syn-
thesis of 1D metal-oxide nanostructures by the HFMOVD tech-
nique:[28-3142:99-1011 §) thermal sublimation from the hot metal
filament, ii) chemical vapor reaction of the sublimated heavy
metal vapor with ambient oxygen gas, and iii) condensation of
the heavy metal-oxide vapor into 1D nanostructures.

A schematic representation of the VS growth mechanism is
shown in Figure 10. For the case where a heavy tantalum vapor
sublimates from a hot tantalum filament at 1700 °C and the
chamber pressure is 1 x 1072 Torr,3%190:101 we have the formula

1)

The hot sublimated tantalum vapor collides and reacts with
the leaking air or residual oxygen gas (see Figure 10a) to form
TaO,, vapor (see Figure 10D), as follows:

2Ta(s) — 2Ta(g)

2Ta(g) + 2n0,(g) — 2TaO.(g) + 2mO,(g) (2)
where n, m, and x are arbitrary positive real numbers and x <
2.5. When the TaO,, vapor meets the substrate, it condenses into
small droplets (see Figure 10c). Finally, the small droplets are

(a) Tavapor+ O, (b) Ta,O4 vapor

) [°)
03 —P» goolo
020 ®
ey 0 2Q0
1700°C O, ©
O Ta vapor

(d) Ta,O; nanorods

(¢) Ta,O; droplets

<= Ogggo
o0000o
o% -4+

Si substrate

Figure 10. Schematic diagrams of the VS growth mechanism for 1D
Ta,O5 nanorods. Reproduced with permission.'"" Copyright 2010, Inter-
national Union of Crystallography.
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converted into 1D crystalline Ta,05 nanorods (see Figure 10d),
as in the formula below:

2Ta0x(g) — Ta;0s(s) + [2(n — m) — (5/2)]0a(g) (3)

Actually, the 2TaO, vapor is a pure Ta,O5 gas, so Equation (2)
can be rewritten as

2Ta(g) + (5/2)02(g) — Ta,0s(g)
Also, Equation (3) can be replaced by
2Ta;0s5(g) — Ta0s(s)

so x =5/2, n=5/4 and m = 0. As can be seen in the discus-
sion, heavy active vapors play a significant role for the growth
of the as-synthesized 1D metal-oxide nanostructures. Chem-
ical vapor reactions also help the VS growth. In addition, the
growth factors leading to anisotropy and defects can enhance
the effect of the VS growth mechanism for 1D metal-oxide
nanostructures.

3.3. Solution-Liquid-Solid Growth Mechanism

The SLS growth mechanism, which was first reported in
1995,11%] has now become a promising approach for the mass
production of semiconductors and metal-oxide nanomaterials
with excellent control and high reproducibility in terms of
both morphology and composition. The SLS growth mecha-
nism is analogous to the VLS growth mechanism, while the
SLS growth system is entirely immersed in an active solution.
Figure 11 shows schematic diagrams of the SLS growth mecha-
nism. Catalysis still plays a vital role. Metallic particles are also

(@) (b)

Py ¥ oy

o

@),

Figure 11. Schematic diagrams of the SLS growth mechanism, which
is analogous to the VLS growth mechanism. The SLS growth system is
immersed in an active solution (highlighted in light indigo). The metallic
particles (highlighted in green) are used as catalytic seeds to become
liquid eutectic alloys (highlighted in blue), when the active solution (rep-
resented by dashed arrows) is continuously supplied. The 1D nanostruc-
ture (highlighted in yellow) grows during the solute saturations
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used as catalytic seeds to synthesize crystalline 1D nanostruc-
tures, as shown in Figure 1la. Organometallic precursors in
the solution are used to supply the desired elements for the
formation of 1D nanostructures. The metallic particles become
liquid eutectic alloys in the active solution at a certain tempera-
ture because the organometallic precursors as solutes are dis-
solved into the metallic particles, as shown in Figure 11b. The
solutes are eventually saturated by the liquid eutectic alloys.
Then the solutes precipitate into the crystalline solid phases at
the outside of the liquid eutectic alloys, as shown in Figure 11c.
For a period of time, the crystalline solid phases continue to
grow as 1D nanostructures until the precursors are depleted, as
shown in Figure 11d. Similar to the VLS growth mechanism,
the diameters of the 1D nanostructures depend on the liquid
eutectic alloys. Homogeneous liquid eutectic alloys can be used
to grow homogeneous 1D nanostructures. The catalytic activity,
solubility, concentration, and temperature also strongly affect
the morphology and crystalline structure of the as-synthesized
1D nanostructures.

The growth of the 1D Mn;O, nanorods follows the SLS
growth mechanism,l'%! but does not require any catalytic
metal as seed. In fact the catalytic metal seed is replaced by
the liquid surfactant of the solution so the growth process can
be described as a self-catalyzed SLS growth mechanism. 1D
Cr,05"% and TiO,['' nanowires can be synthesized by the sol-
gel technique which involves six processes: i) surface treatment
of the substrates; ii) metal-oxide nucleation on the substrates;
iii) formation of liquid eutectic alloys; iv) catalysis; v) gelation
and crystallization; and vi) calcination and 1D growth. Hence,
the growth process in the sol-gel technique is considered to be
the SLS growth mechanism.

4. 1D Anisotropic Crystalline Nanostructures

Over the past decade, researchers have become increasingly
engrossed in the study of 1D metal-oxide nanostructures. These
1D metal-oxide nanostructures are composed of only metal and
oxygen elements. The metal elements are categorized as those
with high melting-points: e.g., tungsten (W), molybdenum
(Mo), tantalum (Ta), vanadium (V), niobium (NDb), titanium (Ti),
and nickel (Ni), or low melting-points: e.g., zinc (Zn), bismuth
(Bi), and tin (Sn). Various techniques can be used to synthesize
1D tungsten-, molybdenum-, tantalum-, vanadium-, niobium-,
titanium-, nickel-, zinc-, bismuth-, and tin-oxide nanostruc-
tures. The synthesis and characterization of such nanostruc-
tures are discussed in this section, accompanied by the display
of images of the as-synthesized 1D metal-oxide nanostructures
by scanning electron microscopy (SEM), field-emission scan-
ning electron microscopy (FESEM), and transmission electron
microscopy (TEM).

4.1. Tungsten Oxide Nanostructures

Tungsten oxides are composed of a network of WOg octahedra
with shared oxygen at the corners. Furthermore they can be
composed not only of stoichiometric WO,,?8l and WO,,''? but
also non-stoichiometric WO, (2 < x < 3), for example W,0s,[1]
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W1g040,1137 1] W30, 1101 W50, and WO, 18 Tungsten
oxides have varying crystalline phases, such as monoclinic,
triclinic, orthorhombic, and tetragonal crystals with various
transition temperatures.'12119 Of the metal-oxides, tungsten
oxides are commonly known to be one of the most fascinating
and promising functional materials owing to their physical and
chemical properties. For the purpose of obtaining a 1D mor-
phology, tungsten oxides can be synthesized using varying
techniques to form nanotubes,!!'*12% nanobelts,'21122l nano-
rods, 1?8151 nanowires,['"”! nanotips,['?%! etc. The surface area of
the 1D tungsten oxides is greatly increased as a consequence
of a reduction in their size and dimensionality. Their electro-
chemical properties can be effectively enhanced, which makes
the 1D tungsten oxide nanostructures more suitable for use
in electrochromic smart windows,P”/16124 catalysts[120:121] gas
sensors,'? and batteries.l'?! In addition, the 1D tungsten-
oxide nanostructures also possess good photoluminescent,?”]
superparamagneticl?’! and thermochromicl?®! properties, which
make them more useful in nanodevices.

Well-crystalline and stoichiometric 1D metal-oxide nanos-
tructures can still be synthesized in oxygen-poor environments.
For example, 1D WO, nanorodsi?®! can be prepared using the
HFMOVD technique. The FESEM image in Figure 12a shows
discrete 1D WO, nanorods, =30 nm wide and a few micrometers
long; the low-magnification TEM image inset to Figure 12a dis-
plays a single 1D WO, nanorod. The TEM image in Figure 12b
shows a portion of the 1D WO, nanorod, illustrating that the
1D WO, nanorods possess a long straight body with a neat
surface appearance and a flattened top. The selected-area elec-
tron diffraction (SAED) pattern inset to Figure 12b verifies that
the 1D WO, nanorods have a monoclinic crystalline structure.
Note that the selected area taken from the edge highlighted by
a square box. Note that the incident electron beam is parallel to
the [100] direction. The SAED pattern also confirms that the 1D
WO, nanorods consist of {011} planes that grow preferentially
along the [011] direction. The high-magnification TEM image
in Figure 12c illustrates a portion of the (011) lattice plane of
a single 1D WO, nanorod in atomic resolution. The portion is
also taken from the selected area. Two sets of parallel fringes
are shown with a d-spacing of 0.37 nm located normal to each
other.

In addition to the nanowires and nanorods, other hierarchical
WOj; nanostructures, such as nanoribbon/nanobelts,!'??! can be
synthesized using a simple hydrothermal method. The SEM
and TEM images in Figure 13a show the 1D WO; nanoribbons
to be a few micrometers long and =10 to 25 nm thick. It can
be seen in the SAED pattern shown in the inset to Figure 13a
that the 1D WO; nanoribbons grow preferentially along the [001]
direction. In addition, a porous nanostructure of 1D W;gO,9
nanowires'?% can be prepared using the porous anodic alumina
template based method. The FESEM images in the left-hand
panel of Figure 13b show a bunch of hundred-nanometer-long
1D W,3049 porous nanowires. The TEM image in the right-
hand panel of Figure 13b shows porous nanowires, 40-50 nm
wide, arrayed in parallel. The 1D W3049 porous nanowires
have lacuna-like pores throughout their whole body, which may
make them suitable for use in sensing and electrochromic nano-
devices. This occurs because of the enhancement in the sur-
face area of the 1D W;30,9 porous nanowires as their size and
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Figure 12. a) FESEM image showing 1D WO, nanorods. The inset to
(a) shows a low-magnification TEM image of a single 1D WO, nanorod.
b) TEM image displaying a portion of the single 1D WO, nanorod. The
inset shows the SAED pattern for an area selected from the edge region
highlighted within the square box. The 1D WO, nanorod consists of {011}
planes with the growth axis in the [011] direction. c) High-magnification
TEM image of the selected area of the atomic-resolution [011] plane.
Two sets of parallel fringes are shown having a d-spacing of 0.37 nm.
Reproduced with permission.[?8l Copyright 2005, American Institute of
Physics.
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Figure 13. a) SEM and TEM images showing the 1D WO3 nanoribbons.
The SAED pattern in the inset shows how the 1D WO; nanoribbons grow
preferentially along the [001] direction. Reproduced with permission.l22l
Copyright 2006, American Chemical Society. b) The FESEM images in
the panel on the left show a bunch of the 1D W;3044 porous nanowires.
The TEM image in the right-hand panel shows the porous nanowires to
be arrayed in parallel. Reproduced with permission.l?°l Copyright 2005,
Institute of Physics. c¢) The SEM image shows the nanoporous-walled WO;
nanotubes with a high-magnification SEM image of a single nanotube
shown in the inset. Reproduced with permission.['?l Copyright 2008.

dimensionality are reduced. However, 1D tubular structures may
give even more surface area, which would make them useful for
many applications. The nanoporous-walled WO; nanotubes are
synthesized utilizing the solvothermal reaction.'?”) The SEM
images in Figure 13c show the nanoporous-walled WO; nano-
tubes to be 2-20 um long and 300-1000 nm in diameter. The
surfaces of the nanoporous-walled WO; nanotubes are not
smooth, and their average inner diameter is =250 nm, as shown
in the inset to Figure 13c. The rough inner and outer surfaces of
the nanoporous-walled WO; nanotubes provide greater surface
area, so that higher photocatalytic activity is presented.
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4.2. Molybdenum Oxide Nanostructures

Molybdenum oxides consist of a network of MoOg octahedra or
MoO, tetrahrdral’3% with shared oxygen atoms at the corners.
They can not only be composed of stoichiometric MoQ;!!3!
and MoO,,1"132] but also non-stoichiometric MoO,, (2 < x < 3),
such as Mo,07,133134 Mo0g0,3,113313%] and Mo;405,.[13313]
Molybdenum oxides can have a variety of crystalline phases
including cubic, orthorhombic, monoclinic, triclinic, and hex-
agonal crystals. Among the metal-oxides, the molybdenum
oxides are one of the most attractive functional materials due to
their unique physical and chemical properties. In quest of a 1D
morphology, molybdenum oxides are prepared by various syn-
thesis techniques to form nanorods,?*3113¢ nanowires,%%132
nanobelts, 131137138 nanofibers,'37], nanoribbons,!3%14% nano-
tubes,#-143] etc. Recently, 1D molybdenum oxide nanostruc-
tures have attracted a lot of scientific attention due to their
multifarious uses in electrochromic devices.'*}l as photocata-
lyst,l'* for electrode materials for Li-on batteries,3! as super-
capacitors,['®! in gas sensors,/'* in field emission devices,3%
etc. Many techniques have been developed to synthesize var-
ying 1D molybdenum oxide nanostructures and to control their
structural, physical, and chemical properties for applications in
nanodevices.

Orthorhombic MoOj; nanorods (=50 nm thick, 150-300 nm
wide and a few tens of micrometers long) with excellent
morphological homogeneity can be synthesized utilizing a
hydrothermal method!"3®l with varying acidification treat-
ments of ammonium heptamolybdate tetrahydrate at
140-200 °C. Large-area arrays of molybdenum oxide
nanowires or nanorods can be easily synthesized by the
HFMOVD technique.?*311321 The MoO, nanowires have
good field emission behavior.'32l Also, 1D nanobranched
structures®! are easily formed at a high pressure of 600 Torr.
The morphology of the 1D nanobranched structures has a
forked trunk and straight shoots, as shown in Figure 14a,b,
respectively. This HFMOVD technique raises the question as
to why the 1D nanorods of molybdenum oxides are prefer-
entially MoO, rather than MoO;. Molybdenum oxides exist
with either a tetrahedral MoO, or octahedral MoOg sym-
metry. MoO, is usually a monoclinic crystal that has a highly
anisotropic and distorted rutile structure with strong Mo—Mo
bonds, while MoOj is typically an orthorhombic crystal that
possesses a layered structure with two layers of weak chains
of MoO, tetrahedra along the c-axis. When there is a lack of
oxygen, the molybdenum oxide vapor is preferential to the
MoO, vapor so the vapor condenses to form MoO, nano-
structures rather than MoOj; nanostructures. In addition, two
distinct MoO, and MoOj structures are deposited above their
melting points of 1100 and 795 °C, respectively. Using the
HFMOVD technique, 1D MoO, nanorods can be obtained at
filament temperatures greater than 1200 °C, also indicating
that the MoO, vapor condenses preferentially to form MoO,
nanostructures, rather than MoO; nanostructures.

1D molybdenum-oxide nanobelts or nanoribbons(131:137-140.144]
of several micrometers in length can be synthesized by hydro-
thermal and template synthesis methods. The SEM image
in Figure 15a shows a very special lamellar structure of the
1D MoO; nanobelts.['*”] The nanobelts are several tenths of
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Figure 14. FESEM images of two distinct nanobranched structures:
a) fork-trunk and b) straight-shoot 1D MoO, nanorods. The insets show
the high-magnification FESEM images. Reproduced with permission.?']
Copyright 2007, Institute of Physics.

micrometers long and 200-600 nm wide, which is significantly
wider and longer than most of the 1D metal-oxide nanobelts.
Large self-standing films are displayed in the photograph
in Figure 15b.'*)] The SEM image in the inset to Figure 15b
shows large self-standing films consisting of 1D MoOj; nano-
ribbons with rectangular features 5-10 pm long, 90--300 nm
wide, and 30-50 nm thick. 1D molybdenum-oxide nano-
tubesl*1-143] several micrometers in length can be synthesized
by infrared-irradiation heating, hydrothermal, and combustion-
flame synthesis methods. The SEM images in Figure 15¢ show
the 1D rectangular MoO, nanotubes.*3] The outer diameter
and length of the rectangular nanotubes are =2 and =100 pum,
respectively. Although they should not actually be called nano-
tubes, however, since the walls are only =100 nm thick, as
shown in the inset to Figure 15¢c, we still call them nanotubes.
In addition, single-wall MoO; nanotubes, such as single-
wall carbon nanotubes, can be synthesized by a thiol-assisted
hydrothermal method.’*?) The SEM images in Figure 15d
show that all of the single-walled MoO; nanotubes several
hundred nanometers in length are almost uniform in diameter
and most of them are open in the ends. As shown in the inset
to Figure 15d, the diameters are around 6 nm, so the thickness
of the single-wall is only a few angstroms. The nanotubes are
hypothesized to have unique electrical and optical properties
for nanodevices.
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Figure 15. a) SEM image of the lamellar-structure 1DMoOj; nanobelts. Reproduced with permission.[3”] Copyright 2005, American Chemical Society. b)
Photograph of large self-standing films of nanoribbons. The SEM image in the inset shows the 1D MoO3 nanoribbons. Reproduced with permission.[13l
Copyright 2006, Springer. ¢) SEM images showing the rectangular 1D MoO, nanotubes. Reproduced with permission.['*}l Copyright 2010, Springer. d)
TEM images of single-walled MoOj; nanotubes. Reproduced with permission.[*2] Copyright 2008, American Chemical Society.

4.3. Tantalum Oxide Nanostructures

Tantalum oxides are composed of a network of TaOg octahedra
and TaO; pentagonal bipyramids with shared oxygen atoms and in
addition to Ta,05>0>8100.101.147-153] they can also be TaO,, (x < 2.5),
such as Ta0,,[1521531 Ta0; 153154 TaQ, 133 Ta, 0,155 and Ta;0.1>¢
Tantalum oxides have various crystalline phases including
tetragonal, hexagonal, orthorhombic, triclinic, monoclinic, and
cubic crystals, although there are discrepancies in several phase
transitions at various temperatures.3%190191 In the quest for a 1D
morphology, tantalum oxides have been synthesized using various
techniques to form nanorods,3058100:101,147.149,150] nanoblocks,!>!
nanowires,>’] nanotubes,*31>7] nanofibers,*8! etc. Among the
known metal-oxides, the tantalum oxides have received consider-
able attention due to their unique properties such as large ion-
diffusion coefficient and high electrochromic reversibility,*® high
dielectric constant (90-110),*" high refractive index (=2.125 at
500 nm),'%) and large band gap (=4.4 V). The 1D tantalum
oxide nanostructures are expected to have more unique proper-
ties than the bulk tantalum oxides. However, in contrast to the
synthesis of tantalum oxide thin films, there have been only a
few attempts to make 1D tantalum oxide nanostructures. The
sol-gel method was the first method used to produce 1D Ta,Os
nanorods,'*”) but these nanorods were non-uniform. Soon after
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this, a variety of chemical deposition techniques were developed
to synthesize large-scale, high-density arrays of 1D Ta,Os nano-
rods,B%190101 nanoblocks, % nanowires,'>’] nanotubes,148157]
and nanofibers.['%®]

The HFMOVD technique was used to synthesize 1D Ta,Os
nanorods and nanoblocks arranged in a large-scale and high
density array,3®14%150] as shown in Figure 16. The FESEM
images in Figure 16a,b illustrate the top and side views of a
portion of the large-area high-density 1D Ta,O5 nanorod array
synthesized on a Si substrate. The 1D Ta,Os nanorod array is
very compact, but its textural boundaries are clearly visible.
The array contains =1675 Ta,Os nanorods per square microm-
eter. In Figure 16b, it can be seen that the 1D Ta,Os nanorods
are on average =500 nm long. The high-magnification FESEM
image in the inset to Figure 16a shows the single Ta,Os nano-
rods separated from the large-area high-density array to be
20-25 nm wide and =500 nm long. They are roughly straight
and their diameters are approximately uniform throughout the
entire rod body. In addition, the FESEM image in Figure 16¢
shows the surface morphology of the Ta,O5 nanoblocks, which
are randomly arranged in large-area stacks. The Ta,O5 nano-
block stacks are very compact, but the textural boundaries are
clearly visible. The stacks contain =1630 nanoblocks per square
micrometer, with various widths, all smaller than 34 nm.
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Figure 16. FESEM images showing the top (a) and side (b) views of a
large-area and high-density array of 1D Ta,Os nanorods on a Si substrate.
The high-magnification FESEM image in the inset to (a) shows single
1D Ta,Os nanorods separated from the array. Reproduced with permis-
sion.B% Copyright 2008, American Chemical Society. c) The FESEM image
displays large-area Ta,Os nanoblock stacks on a Si substrate. Reproduced
with permission.l'% Copyright 2011, Royal Society of Chemistry.

The as-synthesized large-scale high-density array of the 1D
Ta,O5 nanorods or nanoblocks has good thermochromic,"
electrochromic,’®l and photoluminescent (PL)I**1% proper-
ties. In fact, the array contains =93.5% of the orthorhombic
(B) phase and =6.5% of the tetragonal () phase. The thermo-
chromic phase transformations of the 1D Ta,O5 nanorods can
be analyzed at elevated temperatures ranging from 80 to 750 K.
The XRD results of the thermochromic phase transformations

indicate five possible phase transformations: i) ot to o (0~0); ii) &
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to B (o-P); iii) B to B (B-P); iv) Bto o (B-0); and v) cto arto P (o
o-f). In contrast to the Ta,Os thin films, the 1D Ta,O5 nanorods
are the most suitable for electrochromic applications because
they can offer the advantages of larger surface areas and more
capillary pathways for the ion intercalation and deintercala-
tion.’8l The shared oxygen located at the in-plane and cap sites
of the Ta,Os nanostructures can be easily volatilized to yield
many oxygen vacancies, the most prominent type of defects in
Ta,0s. Each oxygen vacancy provides a reduction of two elec-
trons at two dangling bonds. The dangling bonds can give rise
to trap levels within the bandgap of Ta,Os, which are able to
trap excited electrons. When the excited electrons drop from
the trap levels to the ground state, visible light is emitted.[}49-10
In other words, the presence of oxygen vacancies makes Ta,Os
nanostructures an n-type semiconductor, playing a key role in
the PL emissions of Ta,Os.

High-aspect-ratio 1D Ta,Os nanotube arrays can be elec-
trochemically synthesized by the one-step anodization of Ta
foil.1'61.162] First, ordered nanodimples with a pore diameter
of 40-55 nm, as shown in Figure 17a, are formed on the sur-
faces of Ta foil immersed in an aqueous electrolyte containing
HF:H,SO, in volumetric ratios of 1:9 and 2:8 at applied volt-
ages ranging 10-20 V. Then, the high-aspect-ratio 1D Ta,Os
nanotube arrays, as shown in Figure 17b, can be acquired after
the addition of 5-10% of either ethylene glycol (EG) or dimethyl
sulfoxide (DMSO) to the HF and H,SO,4 aqueous electrolytes.
The resultant dimpled Ta is the stable surface morphology that
occurs after the first few seconds. Then the large-area, high-
density, and fully vertically aligned Ta,Os nanotubes grow, as
shown in Figure 17c. There is rapid and robust growth of self-
ordered arrays of Ta,Os nanotubes with independent control
over the diameter, wall thickness, length, and crystallinity. The
diameter and length can be tuned and increased over a factor of
four in size (from 35-200 nm) and up to 50%, respectively.l1*8]
In addition, the growth rates and wall thicknesses can be con-
trolled by varying the special experimental parameters. How-
ever, the Ta,Os nanotubes have a patchy morphology, which
restricts the applications because they cannot be controllably
detached as templates or membranes. The development of a
controllable process for the fabrication of non-patchy, stable,
high-aspect-ratio Ta,O5 nanotubes is important for use in tem-
plates or membranes. The electrochemical anodization con-
ditions can be tuned to remove the intact Ta,O5 nanotubular
films to form free-standing, nanotubular templates or mem-
branes, which can be applied for use as a dielectric material in
electrolytic capacitors.[16]

4.4. Vanadium Oxide Nanostructures

Vanadium oxides consist of VOs square pyramids or distorted
VOg4 octahedra with shared oxygen atoms and can appear
in various chemical forms such as V,0s,10+1601 yQ, [167-170]
V203,[170‘171] V305,[171] V3O7,[172] V4O7,[17l] V509,[173] V6011![173]
and V40,3.7%171 These forms of vanadium oxides form crys-
tals, including orthorhombic, cubic, triclinic, tetragonal, mono-
clinic, and rhombohedral phases. In fact, vanadium oxides are
employed in various scientific and technological applications
owing to their versatile redox-dependent physical and chemical
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Figure 17. FESEM images of () the ordered nanodimples with pore diam-
eters of 40-55 nm that formed on the surface of the tantalum foil, b) the
high-aspect-ratio 1D Ta,Os nanotubes, and c) the large-area, high-density,
fully vertically aligned Ta,O5 nanotubes. Reproduced with permission.['®1]
Copyright 2008, American Chemical Society.

properties. The 1D morphology are useful for many applica-
tions and therefore a variety of deposition methods, including
thermal evaporation, surfactant-assisted solution, and hydro-
thermal/solvothermal synthesis, have been developed to
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synthesize 1D vanadium oxide nanostructures. These 1D vana-
dium oxide nanostructures can be grown in the forms of nano-
rods,['% nanowires, 195166174 nanobelts, 199175178 nanorolls, 76l
nanotubes, 177182 etc.

Unlike the other 1D metal-oxide nanostructures, vanadium-
oxide nanotubes are more easily synthesized than the other 1D
nanostructures. Among the 1D nanostructure morphologies,
the tubular morphology basically possesses the most interesting
properties, with more effective surface areas than the others.
Mixed-valence vanadium oxide nanotubes can be straightfor-
wardly mass produced by a low-temperature, soft chemistry
synthesis method."®)] This method allows for a high yield,
meaning that vanadium oxide nanotubes can be grown in gram
quantities with the alignment of parallel oriented nanotubes sev-
eral hundred micrometers long. The TEM images in Figure 18
show the side and top (cross-sectional) views of vanadium oxide
nanotubes. The vanadium oxide nanotubes obviously consist
of multiwalls, as shown in Figure 18a. The inset to Figure 18a
displays a single multiwalled vanadium oxide nanotube that
is composed of four distinct topological regions, including
the tube opening, outer surface, inner surface, and interstitial
region. The TEM images in Figure 18b,c show top or cross-sec-
tional views of the vanadium oxide nanotubes, revealing them
to be the scroll-like and concentrically circular possessing open
ends and multiwalls. The elemental maps in Figure 18d,e illus-
trate vanadium oxide nanotubes (Figure 18c) with vanadium
and carbon distributions, respectively, confirming the vanadium
oxide nanotubes to be the concentric circular cylinders with two
vanadium oxide walls.

Of the 1D nanostructures, nanobelts, with their rectangular
cross-section, are expected to display a unique potential for use
in nanodevices because they are very thin and flexible. An envi-
ronmentally friendly chemical route can be use to synthesize
large-scale orthorhombic V,0s5 nanobelts in a H,0, aqueous
solution.'””l The FESEM and TEM images in Figure 19 show
1D V,0s single-crystalline nanobelts synthesized at 180 °C for
48 h.'”7] Figure 19a displays 1D V,Os single-crystalline nano-
belts with lengths of up to tens of micrometers. The inset to
Figure 19a clearly shows rectangular cross-sections of the 1D
V,05 nanobelts, which are 100-300 nm wide and 30-40 nm
thick. Figure 19b,c show 1D V,0s nanobelts that have been
cleaved as indicated by the arrows. The TEM image in
Figure 19d shows one single 1D V,05 nanobelt that has grown
along the [010] direction. The SAED pattern in the inset to
Figure 19d, taken from the single nanobelts, verifies that the
1D V,0s nanobelts are comprised of orthorhombic crystals of
V,05 with a preferential growth direction along the [010] direc-
tion. The HRTEM image in Figure 19e shows two clear inter-
planar spacings (dgyo = 1.78 and d,o = 5.75 A), confirming the
crystalline structure of the 1D V,05 nanobelts.

4.5. Niobium Oxide Nanostructures

Niobium oxides are composed of NbO, tetrahedrons and NbOg
octahedrons with shared oxygen atoms['®3 and they come
in varying forms of stoichiometric Nb,Os,[!8+18] NbO, 183
NbO,,['8] Nb;,0,5,11°" and non-stoichiometric Nb;,O0,q,1°1192]
and Nb,,0s,.1°%192] Niobium oxides have a variety of crystalline
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Tube Opening

Outer Surface

Inner Surface

Interstitial Region

Figure 18. a) TEM images of vanadium-oxide multiwalled nanotubes
(template: docosylamine). The inset to (a) shows the four distinct top-
ological regions of the tube opening, outer surface, inner surface and
interstitial region. b,c) TEM images of cross-sections of vanadium-oxide
multiwall nanotubes. d,e) Elemental maps of vanadium-oxide multi-
walled nanotubes with vanadium and carbon distributions. Reproduced
with permission.l8% Copyright 2000.

phases, including orthorhombic, tetragonal, monoclinic, cubic,
and hexagonal crystals, and their many advantageous properties
make them useful for various scientific and technological appli-
cations, such as catalysis,!'® field emission,'8% photovoltaic,!'8!
and electrochromic effects.'88] A variety of deposition methods
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Figure 19. a—c) FESEM images of the 1D V,0s nanobelts. d) TEM images
and SAED patterns of single 1D V,0s nanobelts. e) High-magnification
TEM images of single 1D V,0s nanobelts. Reproduced with permis-
sion.l"”7] Copyright 2006, American Chemical Society.

have been developed for the synthesis of 1D niobium oxide
nanostructures in a quest for a 1D morphology. These 1D nio-
bium oxide nanostructures can be grown in the forms of nano-
rods, /'8 nanowires,[18>193-1%] nanobelts, '8 nanotubes, ' etc.

Three typical 1D nanostructures, nanowires, nanobelts, and
nanorods, are shown in Figure 20. The SEM images in Figure 20a
show bundles of 1D Nb,O5 nanowires about 50 nm wide and
with lengths smaller than the millimeter scale. These 1D
NDb,Os nanowires are grown using rapid low-temperature syn-
thesis in the temperature range from 50 to 300 °C.'%% The
rapid low-temperature synthesis method is based upon con-
trolling the exposure of niobium foils to low-pressure, weakly
ionized, fully dissociated, and cold oxygen plasma. The plasma
is generated by an electrical current passing through oxygen
gas. The oxygen molecules in the oxygen plasma are rapidly
ionized, dissociated, and excited by inelastic collisions with
the electrons so they became extremely reactive and easily
oxidize on the niobium foil to grow the 1D Nb,O5 nanowires.
The SEM images in Figure 20b display large-scale 1D Nb,Os
nanobelts, which are =60 nm wide and smaller than the millim-
eter scale in length. The 1D Nb,Os nanobelts are synthesized
using a simple ambient synthetic route.’ First, layered struc-
ture NH4Nb3;Og4 nanobelts are prepared from layered K,;NbsO;;
and then as-prepared NH,NDb;Og nanobelts are converted to
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Figure 20. a) SEM images of bundles of 1D Nb,Os nanowires grown
by a rapid low-temperature synthesis. Reproduced with permission.l*3]
Copyright 2005. b) SEM images of large-scale 1D Nb,Os nanobelts syn-
thesized by a simple ambient synthetic route. Reproduced with permis-
sion.[138) Copyright 2008, Elsevier. c) FESEM images of large-scale arrays
of 1D Nb,Os nanowires grown by a facile hydrothermal process. Repro-
duced with permission.['3 Copyright 2011, Elsevier.

single-crystal Nb,Os nanobelts by thermal treatment in air. The
FESEM images in Figure 20c show large-scale arrays of 1D
Nb,O5 nanorods, which are =50 wide and micrometers long.
The 1D Nb,Os nanorod arrays can be grown by a facile hydro-
thermal process.['®8 Niobium foil is placed into an aqueous
ammonium fluoride (NH,F) solution, then annealed at 150 °C
in a teflon lined autoclave for 96 h to obtain the large-scale 1D
Nb,Os nanorod arrays.

Tubular nanostructures are of great interest to scientists.
The simple ambient synthetic routel’®! can be used to grow
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not only nanobelts but also nanotubes of Nb,Os. The layered-
structure K,NbsO,; can be chemically exfoliated to become uni-
form lamellar colloids which are easy to rearrange and roll into
tubular morphologies. The TEM images in Figure 21a,b show
1D Nb,Os nanotubes that are =30 nm wide and a few hundred
nanometers long. The 1D Nb,O5 nanotubes can also be synthe-
sized by a simple ambient synthetic route.'?® First, K,;NbsO;;
nanotubes with a layered structure are chemically exfoliated
by aqueous tetra-(n-butyl)ammonium hydroxide (TBAOH) to
form H4NbyO,7¢nH,0 lamellar colloids which are then scrolled
into tubular nanostructures. The as-prepared H,NbO;,+nH,0
nanoscrolls can be converted to 1D Nb,O5 nanobelts by thermal
treatment at 400-425 °C for 30-180 min. The SAED pattern in
the inset to Figure 21b reveals the 1D Nb,O5 nanotubes to be
polycrystals. The high-magnification TEM images in Figure 21c
show the single 1D Nb,Os nanotube to be a single crystal. The
lattice fringes are parallel to the nanotube walls, indicating the
1D Nb,0Os nanotubes grow along the [100] direction. The SAED
pattern inset to Figure 21c reveals that points A and B corre-
spond to the (001) and (180) planes with d-spacings of 3.93 and
3.14 A, respectively.

4.6. Titanium Oxide Nanostructures

As is the case for the other metal oxides mentioned above, tita-
nium oxides also have various chemical forms that can be cat-
egorized into the typical TiO,'*-2%2 and Ti,0,,.; forms, such as
Ti0, 2931 'Ti,05,204 Ti;05,2%1 Ti,0,,2%] Tis04,27) Ti,0,5,2%! and
TigO1.2%] Titanium oxides possess varying crystalline phases,
including tetragonal, orthorhombic, monoclinic, hexagonal,
triclinic, and rhombohedral crystals, but titanium dioxides
(TiO,) can mainly be sorted into three crystalline structures
of rutile (tetragonal structure), anatase (tetragonal structure),
and brookite (orthorhombic structure). The TiO, structures are
composed of octahedra with shared oxygen atoms. The neigh-
boring rutile octahedra share corners along the [110] direction,
while the anatase form share corners along the (001) planes.
The titanium oxides have received considerable attention due
to their important functional properties in photovoltaicl!?%-200
and photocatalytic devices,?*! for gas sensing,?'” and in
electrochromic devices,?'?12l The incorporation of 1D nano-
structures may enhance the functional properties for practical
applications. In the quest for 1D nanostructures, various syn-
thesis techniques have been used to form the nanorods,?!3]
nanowires,?'*21l nanofibers,?'*? nanobelts,*'*! and nano-
tubes,[197/198.201,210.213-215] of TjQ,.

Of the 1D titanium oxide nanostructures, TiO, nanotubes
are easy to synthesize. It is known that the tubular nanostruc-
tures possess more effective surface areas than the other nanos-
tructures because of their very unique properties. Large-scale
highly ordered TiO, nanotubes can be mass produced by the
potentiostatic anodization of a titanium film in a fluoride con-
taining electrolyte.?%) The FESEM images in Figure 22a show
large-scale highly ordered TiO, nanotube arrays. The TiO, nan-
otubes are a few micrometers long. The pore diameters of the
back and front sides are =110 and =46 nm, and the wall thick-
nesses are 20 and 17 nm. The typical TiO, nanotubes grown by
anodic synthesis methods usually have irregular and rough side
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Figure 21. a—c) TEM images of 1D Nb,Os nanotubes fabricated using a
simple ambient synthetic route. The SAED and high-magnification TEM
images are inset to (b) and (c). Reproduced with permission.[%¢l Copy-
right 2007, American Chemical Society.

walls, with aspect ratios of length to diameter of =50. Homoge-
nous smooth side-wall TiO, nanotubes in large-scale arrays can
be synthesized by suppressing local concentration fluctuations
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Figure 22. a) FESEM images showing the top and side views of large-
scale arrays of highly-ordered TiO, nanotubes with irregular and rough
side walls. Reproduced with permission.2%% Copyright 2006, Institute of
Physics. b,c) FESEM images displaying the top and side views of large-
scale arrays of highly ordered TiO, nanotubes with homogenous smooth
side walls. d) FESEM image showing the convex and concave interface
between the TiO, nanotubes and the underlying Ti substrate. Panels
(b—d) reproduced with permission.® Copyright 2005.

and pH bursts during anodization by using a highly viscous
glycerol electrolyte, so the aspect ratios of length to diam-
eter increase to =175.1%! The FESEM images in Figure 22b,c
also display the side and top views of highly ordered TiO, nano-
tubes arranged in the large-scale arrays with homogenous smooth
side walls. The smooth side-wall TiO, nanotubes are =7 um
long and they are grown in very tight bundles that are not con-
nected with another. The inner diameters of the TiO, nano-
tubes are mostly =40 nm. The FESEM image in Figure 22d
demonstrates the interface between the TiO, nanotubes and the
underlying Ti substrate.l'®! The interface has many convex and
concave markings on the surface. The growth of the TiO, nano-
tubes is strongly dependant on the convex areas. The side walls
of the TiO, nanotubes grown on the convex areas.

The mechanisms for the growth of various TiO, nano-
tubes or tubular nanostructures are generally categorized into
three kinds,'”! including the helical scrolling or wrapping of

Adv. Funct. Mater. 2012, 22, 3326-3370
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Figure 23. Three growth mechanisms: a) scrolling or wrapping single-layer
nanosheets, b) curving and c) enclosing multilayer nanosheets. Repro-
duced with permission.l'®”] Copyright 2004, Royal Society of Chemistry.

single-layer TiO, nanosheets, the curving of multilayer
nanosheets, and the enclosing of multilayer nanosheets. The
schematic diagrams in Figure 23 show the three growth mecha-
nisms. Figure 23a displays the scrolling growth mechanism for
TiO, nanotubes, as has been proposed for the formation of carbon
nanotubes?!% and all layered-structure compounds.['8%196] When
a single nanosheet is scrolled, a helical tubular nanostructure is
formed similar to a “snail” structure with two ends. The TEM
results reported in ref. [215] verify the helical tubular nanostruc-
ture. Figure 23b demonstrates the curving growth mechanism
of the TiO, nanotubes. As multilayer nanosheets are curved, a
seamy tubular nanostructure creates an “onion” structure. The
TEM results reported in ref. [215] verify the seamy tubular nanos-
tructure. Figure 23c illustrates the enclosing growth mechanism
of the TiO, nanotubes. As multilayer nanosheets are enclosed, a
concentric tubular nanostructure shaped like a “concentric-circle”
structure forms. The TEM results reported in ref. [215] verify the
concentric tubular nanostructure. According to the three growth
mechanisms, we can figure out that the interactions between
atoms in neighboring layers are less than those between atoms
in the same layer in a layered-structure compound. During rapid
growth the multilayers predominately grow at the edges, so that
atomic mismatch and separations may occur between the multi-
layers. Also, the width and thickness of each individual single
layer in the multilayers spontaneously varies from the others.
The atomic mismatch, separations, and varying widths and
thickness cause the tension imbalance in each individual single
layer to decrease the layer tension energies. This induces the
growth of the three kinds of tubular nanostructures.

4.7. Nickel Oxide Nanostructures

Nickel oxides with molecular formulas of NiO,217-221]
NiO,,12222231and Ni, 04,2242 can be fabricated to have crystalline
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phases, such as cubic, monoclinic, thombohedral, and hexag-
onal crystals. However, most nickel oxides form stoichiometric
NiO. In fact, NiO is a rock-salt crystal (NaCl) with an antifer-
romagnetic structure with a six-fold octahedral coordination,
and is an important p-type semiconductor with a wide bandgap
of 3.6-4.0 eV.2262271 Ag a consequence of their antiferromag-
netic, p-type and wide-range properties, nickel oxides are excel-
lent for use in Li-batteries,?'”] antibacterial materials,!?%220)
gas sensors,?2l memory devices,??!] supercapacitors,??%! etc.
Varying techniques can be exploited to synthesize 1D nano-
rods,220226230] panowires 219221228231 papothes [217-219.227.230)
and nanofibers!?* of nickel oxides.

Manifold NiO hierarchical nanostructures, including mes-
oporous nanotubes, bundled nanowires, nanodandelions, and
hollow nanospheres can be synthesized by an ambient simple
hydrothermal and thermal decomposition process,*% but it is
still a challenge to control the morphologies of the hierarchical
nanostructures by simply changing experimental parameters.
FESEM and TEM images show the manifold NiO hierarchical
nanostructures mentioned above. Figure 24a displays large-scale
1D NiO wire-like hierarchical nanostructures a few microm-
eters long and =100 nm wide. However, the TEM images in
Figure 24b show the 1D wire-like hierarchical nanostructures
to be uniform and =60 nm wide. The high-magnification TEM
image in the inset to Figure 24b demonstrates one single 1D
wire-like hierarchical nanostructure, verified to be composed
of nanoparticles 5-15 nm wide. The TEM contrast between
nanoparticles clearly reveals that the 1D wire-like hierarchical
nanostructures possess quasi-tubular characteristic. The high-
resolution TEM image in Figure 24c shows one individual NiO
15 nm wide nanoparticle. The interplanar separations between
the lattice fringes are 0.21 nm, with the lattice fringes on the
(200) planes of the face-centered cubic NiO crystals.

Large-scale 1D NiO nanotubes can be synthesized using a
wet chemistry templating method.?'82271 As the Ni complex
precursors undergo calcination in air, they are decomposed and
formed into large-scale 1D NiO nanotubes. The FESEM images
in Figure 25a show 1D NiO tubes a few micrometers long and
=300 nm wide.”””] The surface morphology of the 1D NiO
tubes is very rough, suggesting that the 1D NiO tubes are com-
posed of NiO nanoparticles. The inner diameters of the 1D NiO
tubes are =200 nm and the wall thickness is =50 nm thick. The
TEM images in Figure 25b display the 1D NiO tubes exhibiting
various appearances, such as branched, forked, capped, and
uncapped features. However, the surface morphology is much
smoother than that of the rough NiO tubes shown in Figure 25a.
It can be seen in the high-magnification TEM image in the inset
to Figure 25D that the diameter and wall thickness of a single
NiO tube are =240 and 60 nm, respectively. The high-resolution
TEM image in Figure 25c reveals that the NiO tubes are poly-
crystalline and that the walls of the NiO tubes are composed of
NiO nanocrystals. The diameters of the NiO nanocrystals are
5-20 nm wide.

4.8. Zinc Oxide Nanostructures

Zinc oxides can be fabricated with the molecular formulas
of ZnOM#1233-2%] and Zn0,,12%0-238 with only two crystalline
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Figure 24. a) FESEM images of the large-scale 1D NiO nanowire-like hier-
archical nanostructures. b) TEM images of the single 1D NiO nanowire-
like hierarchical nanostructures. The inset to (b) shows nanowire-like
nanostrcutures consisting of small nanoparticles. ¢) TEM image of a
single nanoparticle. Reproduced with permission.?3% Copyright 2010,
Royal Society of Chemistry.

phases, hexagonal and cubic crystals. However, ZnO shares
three major crystalline structures of wurtzite, zinc-blende and
rock-salt, respectively. Among the metal oxides, zinc oxides
are the most functional materials used for many applications
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Figure 25. a) SEM images of the NiO nanotubes. Reproduced with per-
mission.?'® Copyright 2009, Royal Society of Chemistry. b) TEM images
of the NiO nanotubes. c) High-resolution TEM image of the polycrystal-
line structures of the NiO nanotubes. Reproduced with permission.[22}
Copyright 2008, Elsevier.

including in biosensors,?*3 solar cells,*** photocatalysis,23>237]
light-emitting diodes,23240 gas sensing,?*!l and field-emis-
sion.1711 As known, the 1D nanostructures may enhance the
functional properties for practical applications. In the quest
for 1D nanostructures, zinc oxides can be formed into nano-
rods,”1242 nanowires,”1-%42-244 nanonails,**’! nanopencils,***!

Adv. Funct. Mater. 2012, 22, 3326-3370
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nanobullets,?*?l  nanotubes,23>2472481  nanocomb-like struc-
ture, 2342492511 nanoribbons,?*% nanobelts,*>*1252  nanohe-
lices,*>?l nanopins,!?>3l nanoneedles, >4 etc.

The most distinctive feature among all kinds of nanostruc-
tures is the one with a belt-like morphology, called the nano-
belt. The growth mechanism of the nanobelts is anisotropic but
different from that of the nanowires, nanorods, and nanotubes.
The nanobelts are an ideal material for fully comprehending
the confinement effects on transport phenomena in func-
tional metal oxides and building functional devices due to the
reduction of size and dimensionality. In 2001, ultralong ZnO
nanobelts were first successfully synthesized by simply evapo-
rating ZnO powders at high temperatures.?® The SEM and
TEM images in Figure 26a show large-scale 1D ZnO nanobelts
several hundreds of micrometers in length; some of them are
even a few millimeters long. They have a rectangle-like cross
section with widths of 30-300 nm and width-to-thickness ratios
of 5-10. The as-synthesized ZnO nanobelts are pure, uniform,
single crystalline structures almost free from defects and dis-
locations. The TEM image in the upper inset to Figure 26a
reveals a single 1D ZnO nanobelt with a uniform width along
its entire length. Note that the widths of the 1D ZnO nanobelts
typically range from 50 to 300 nm, with no particles observed
at the nanobelt ends. The body of the 1D ZnO nanobelt has
a ripple-like contrast, which is caused by the strain resulting
from the bending of the nanobelt. Electron diffraction shows
that the 1D ZnO nanobelts are structurally uniform and single
crystalline and grow along the [0001] direction. The other TEM
image in the bottom inset to Figure 26a verifies that the typical
thickness and width-to-thickness ratios of the ZnO nanobelts
are in the range of 10 to 30 nm and =5 to 10, respectively. The
TEM image in Figure 26b shows a single nanobelt, with ripple-
like contrast resulting from the strain and thickness variations.
The SAED pattern in the inset to Figure 26b reveals that the
ZnO nanobelt is a hexagonal crystal that consists of the (0001)
lattice planes and grows along the [0110] direction. The high-
resolution TEM image in Figure 26c shows the lattice fringes
of the (0001) plane. The lattice spacing is 0.52 nm. The clear
atomic resolution image indicates that the ZnO nanobelts are
highly crystallized without defects and dislocations.

The 1D ZnO nanobelts can be curled (or wound) to form
uniform helix nanostructures, known as nanohelices. The 1D
ZnO nanohelices were grown by a simple thermal evaporation
method.>2 The TEM images in Figure 27a show various left-
and right-handed freestanding 1D ZnO nanohelices on the sub-
strate surface. These highly uniform 1D nanohelices are about
100 um long and 100-500 nm wide with diameters and pitch
distances of 300-700 nm and 500-2500 nm, respectively. The
high-resolution TEM image in Figure 27b reveals the superlat-
tices of the nanohelices to have a uniform periodic alternating
arrangement of stripes with a periodicity of =3.5 nm. The
stripes are nearly parallel to the growth direction and follow
the length of the nanohelix with a 5° offset. The enlarged high-
resolution TEM image in Figure 27c demonstrates the interface
between the two adjacent stripes, here called Stripe I and II,
of the superlattices of the nanohelices. The original imaging
resolution is not very good, but can be simulated and improved
using dynamic electron diffraction theory. The simulated image
in the green dotted-line box in Figure 27¢ has better resolution.
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Figure 26. a) SEM and TEM images of ultralong 1D ZnO nanobelts.
Reproduced with permission.? Copyright 2001, American Association
for the Advancement of Science. b) TEM images of s single 1D ZnO
nanobelt and c) high-resolution TEM images of the 1D ZnO nanobilts.
Reproduced with permission.[*!l Copyright 2006.
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Figure 27. a) TEM images of ultralong left- and right-handed 1D ZnO
nanohelices. b) High-resolution TEM image of two periodic alternating
stripes of the superlattices of the nanohelices. c) Enlarged high-resolu-
tion TEM image of the interface between the two adjacent stripes. The
simulated image is shown in the green dotted-line box. Reproduced with
permission.[22 Copyright 2005, American Academy for the Advancement
of Science.

The interface is inclined with respect to the incident electron
beam at an angle of 32°.

4.9. Bismuth Oxide Nanostructures

Synthesized bismuth oxides can have varying chemical forms,
including stoichiometric Bi,05*29%25>25% and Bi,0,,1257?%8] and
non-stoichiometric Bi,041%7! and Bi,0,33,%" and possess a
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variety of crystalline phases, including monoclinic, tetragonal,
cubi, triclinic, and hexagonal crystals. The bismuth oxides are
also one of the most attractive functional materials among the
metal-oxides due to their unique physical and chemical prop-
erties such as supercapacitance,?® intense photolumines-
cence "% and wide bandgap (2.58-3.9 eV).[261:262] n the quest
for a 1D morphology, various synthesis techniques can be used
to form nanohooks,*? nanobelts,?) nanotubes,!261-2641 and
nanowires!?%2>>:26>.266] of bismuth oxides.

Large-scale 1D Bi,O; nanowires can be synthesized at low
temperature using a simple oxidation method, the HFMOVD
technique.”” The FESEM images in Figure 28a show a large-
scale array of 1D Bi,O3; nanowires. These nanowires are highly
entangled and stacked with spherical and tadpole-head-like
nanoparticles at the ends. These 1D Bi,O; nanowires are sev-
eral tens of micrometers long and 13-42 nm wide. The high-
magnification FESEM in the inset to Figure 28a demonstrates
the clear features of the spherical and tadpole-head-like nano-
particles. The spherical and tadpole-like nanoparticles are about
45-140 nm in diameter. Large-scale 1D Bi,O; nanohooks can
be also synthesized by the HFMOVD technique.*”! The FESEM
images in Figure 28b show a random arrangement of large-scale
1D Bi,0; nanohooks. The high-magnification FESEM image
in the inset to Figure 28b reveals four distinct growth regions:
i) nanoparticles 20-100 nm in diameter at the tip (marked by
1); ii) hook-like nanostructures (marked by 2); iii) cone-like
structures (marked by 3); and iv) uniform nanowires (marked
by 4). There are also two joints, one between the cone-like and
nanowire-like region (marked by A), and the other between the
two nanowire-like regions of different widths (marked by B).
The TEM images and SAED pattern in Figure 28c display three
single nanohooks, with widths ranging from 160 to 440 nm.
There are clear lattice fringes separated by 0.322 nm, which
agrees with the interplanar spacing corresponding to the (201)
lattice plane, indicating the 1D Bi,O; nanohooks to be crystal-
line and to grow along the (101) direction.

Arrays of 1D bismuth nanowires can be converted into
1D bismuth and bismuth-oxide core-shell nanowires and bis-
muth nanotubes by using a template-based heat-treatment
method.?%2] The FESEM and TEM images in Figure 29a show
the 1D Bi nanowires arranged in large-scale arrays to be =60 nm
wide. The high-magnification TEM image and SAED pattern
reveal that the 1D Bi nanowires are single crystalline and grow
along the [110] direction. The FESEM and TEM images in
Figure 29b display 1D Bi-Bi,O; core-shell nanowires arranged
in large-scale arrays. The high-magnification TEM image and
SAED pattern clearly reveal the single 1D Bi-Bi,O; core-shell
structure grow along the [110] direction. Obviously, the core
of the single nanowire is still only composed of Bi, indicating
the Bi nanowires are preserved in the cores after thermal oxi-
dation. The FESEM and TEM images in Figure 29c show the
1D Bi,0; nanotubes arranged in the large-scale arrays to be
=75 nm wide. It can be seen in the high-magnification TEM
image that the Bi nanowires in the cores are easily etched in
a NaOH solution by a two-step oxidation process. The results
provide the possibility of synthesizing 1D solid and core-shell
nanowires and tubular nanostructures spontaneously with
the same deposition technique, which has potential for use in
many nanodevices.

Adv. Funct. Mater. 2012, 22, 3326-3370
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Figure 28. a) FESEM images of large-scale array of the 1D Bi,O;
nanowires with spherical and tadpole-head-like nanoparticles at the
ends. The inset clearly shows the spherical and tadpole-head-like
nanoparticles, which are marked by A and B. Reproduced with permis-
sion.l”l Copyright 2007, Institute of Physics. b) FESEM images of the
1D Bi,O3 nanohooks. c) TEM images and SAED pattern of the 1D Bi,O;
nanohooks. Reproduced with permission.l*2l Copyright 2007, Institute of
Physics.
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Figure 29. FESEM and TEM images and SAED patterns of a) the Bi,O;
nanowires, b) Bi- Bi,O; core-shell nanowires, and c) Bi,O; nanotubes.
Reproduced with permission.[262 Copyright 2006.

4.10. Tin Oxide

Tin oxides with various chemical forms can be synthesized,
including Sn0,,?-2711 SnO,?72-274 Sn, 0,71 and Sn;0,,1*””!
with a variety of crystalline phases, such as orthorhombic,
tetragonal, cubic, and triclinic crystals. Among the metal-oxides,
tin oxide has attracted the most scientific attention because of
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its excellent properties, which make it suitable for use in opto-
electronic devices,”’! field emitters!?’®! and gas sensors.l”’]
SnO, doped with indium is used to make the renowned con-
ductive transparent glass, indium tin oxide (ITO), which can
be utilized for many applications, such as in optoelectronic
and electrochromic devices. In quest for a 1D morphology,
tin oxides are synthesized in the form of nanorods,2¢7:276-278]
nanowires,?’%?7% nanobelts,?8% zigzag nanobelts,26%281]
bbons, 282283 nanotubes, 269284 etc.

Large-scale 1D SnO, nanorods/nanowires can be synthe-
sized by the vapor-liquid-solid process with an Au catalyst at
high temperatures.*’8l The FESEM images in Figure 30a show
large-scale arrays of 1D SnO, nanorods =20 um long. The high-
magnification FESEM in the inset to Figure 30a clearly shows
the beaklike nanostructures at the ends of the 1D SnO, nano-
rods. The 1D SnO, nanorods are uniform in size and 85-400 nm
wide. The beaklike nanostructures are 100-700 nm long, indi-
cating a change in the growth direction. The TEM images
and SAED pattern in Figure 30b illustrates a single 1D SnO,
nanorod that is 85 nm wide with a beaklike nanostructure at
the end. The SAED pattern verifies that the beaklike nanostruc-
ture is the tetragonal rutile structure. The high-resolution TEM
image discloses that the nanorods are single crystalline and
free of defects. The two d-spacings of 0.33 and 0.23 nm can be
clearly seen, suggesting the two growth directions. The FESEM
images in Figure 30c show 1D SnO, nanorods with no beak-
like nanostructures, but rather Au catalyst nanoparticles. The
inset to Figure 30c reveals a single 1D SnO, nanorod with an
Au catalyst nanoparticle at the end. The Au catalyst nanopar-
ticle is obviously larger in size than the width of the 1D SnO,
nanorod. The different nanomaterials and morphologies at the
ends imply the Au catalyst may be deposited at the ends of the
nanorods or on the substrate surface. When the Au catalyst is
at the ends of the nanorods, they form into nanoparticles. How-
ever, when the Au catalyst is on the substrate surface, beaklike
nanostructures form at the ends of the nanorods which are the
beginning of growth for the 1D SnO, nanorods.

Much effort has been made for the preparationl3>28% and
application*®%% of SnO, nanobelt-based structures. Peculiar 1D
nanobelt-based SnO, nanozigzags can be synthesized by oxi-
dizing Sn grains in an ambient atmosphere at high tempera-
ture.l?%8l The SEM images in Figure 31a show the morphology
of the 1D SnO, nanozigzags consisting of periodic nanobelts
arranged in a zigzag structure. The widths and thickness of the
1D SnO, nanozigzags are 100-1000 and 30-80 nm, respectively.
The longest SnO, nanozigzag can be larger than 0.5 mm and the
repeating lengths are 2-8 um. The SnO, nanobelts form the
SnO, zigzag nanostructure by alternate growth along two dif-
ferent equivalent directions. The high-magnification SEM
images in the inset to Figure 31a clearly display a single 1D
SnO, zigzag nanostructure with a periodic nanobelt arrange-
ment. There are alternate growth directions with a periodic
length between two adjacent nanobelts of =2.5 um. The 1D
SnO, zigzag nanostructure is quite uniform and stable because
the width, thickness, and the angle of the SnO, nanobelts are
almost invariable throughout. However, the periods of the 1D
SnO, zigzag nanostructures vary as the lengths of the nanobelts
increase or decrease. The TEM image in Figure 31b displays a
single 1D SnO, zigzag nanostructure with a ripple-like contrast
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Figure 30. a) FESEM images of the large-scale array of the 1D SnO, nano-
rods with beaklike nanostructures at the ends. b) TEM images and SAED
pattern of a single 1D SnO, nanorod with a beaklike nanostructure. c)
FESEM images of the large-scale array of the 1D SnO, nanorods with
the Au catalyst nanoparticles. Reproduced with permission.2’8l Copyright
2006.

through the whole body. The nanobelts are less than 100 nm
thick. The two growth directions are revealed in the SAED pat-
tern (see the white box) in the inset to Figure 31b. The angle
between the growth directions is 68.43 °. The high-resolution
TEM image in Figure 31c illustrates the clear lattices fringes of
the 1D SnO, zigzag nanostructure and two d-spacings of 0.267
and 0.235 nm, which reflect the (101) and (200) lattice planes
of the tetragonal SnO, crystals, respectively. The SAED pattern
and high-resolution TEM image verify the two growth direc-
tions (see Figure 31c).

Adv. Funct. Mater. 2012, 22, 3326-3370
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Figure 31. a) SEM images of the 1D SnO, zigzag nanostructures con-
sisting nanobelts. b) TEM image and SAED pattern of a single 1D SnO,
zigzag nanostructure. ¢) High-resolution TEM image of 1D SnO, zigzag
nanostructure. Reproduced with permission.®l Copyright 2005, Amer-
ican Chemical Society.

5. Various 1D Metal-Oxide Nanostructure-Based
Applications

Various 1D metal-oxide nanostructures have been used as
building blocks for many applications in nanoscience and nano-
technology because they have fascinating properties that are
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better than those of bulk metal-oxides. In this section, we intro-
duce some recent work on 1D metal-oxide nanostructure-based
devices.

5.1. Gas Sensors

A gas sensor is a mechanism for detecting gases in the atmos-
phere. Since many gases are harmful to human being or ani-
mals, methods of gas sensing are developed as a part of a safety
system. The mechanism involves the adsorption of active gases
on the surfaces of the functional materials that cause change
in the electrical conductivity. The functional materials for gas
sensing are mainly metal-oxides because the oxygen sites in
their surfaces provide the possibility of gas adsorption. Gas sen-
sors are used to detect combustible, flammable and toxic gases,
and to monitor oxygen depletion. The 1D metal-oxide nanos-
tructures have a high surface-to-volume ratio, meaning they
can provide a much larger surface area than the 2D metal-oxide
thin films, which makes them more sensitive for gas sensing.
Up to the present time, 1D metal-oxide nanostructures of
W150,49,281 W,05,1281 Sn0,,*01 V0,286 Zn0,1287) M003,[14% and
In,05%8 have been widely used for gas sensing. Many gas spe-
cies such as hydrocarbon liquefied petroleum gas,?3%1 O,,1#028]
H,,[40.286] D, 1286] ethanol,[243.287290.291] NH, [146] NO,,[146292.293]
CH,,12%%1 CO,[221:2%4] and isobutanel?® can be detected. Measure-
ment techniques commonly involve changes in the conductivity
and resistivity of the materials due to the presence of gas. How-
ever, the gas sensitivity can be enhanced because of the large
surface area and the morphology of the 1D metal-oxide nanos-
tructures.2212%] The smaller the size of the 1D metal-oxide
nanostructures, the higher the gas sensitivity will be. Below, we
display significant results obtained with 1D metal-oxide nanos-
tructure-based gas sensors.

Gas sensors fabricated with ZnO nanorod arrays possess
high gas sensitivity to H, at a variety of temperatures from room
temperature to 250 °C with a detection limit of 20 ppm./2¢!
The 200-ppm-H, gas sensitivity of 1D ZnO nanorods =50 and
500 nm in diameter can reach values of 8.5 and 1.9, respectively,
at 250 °C, indicating the higher gas sensitivity of the smaller
1D ZnO nanorods. Very small SnO, nanorods =3 nm in diam-
eter can give ultrahigh gas sensitivity for detection of ethanol, a
sensitivity of up to 83.8 at 300 ppm ethanol vapor in air.?*’! In
addition, the gas sensing results?”! show that gas sensitivity is
strongly dependent on the diameters of the ZnO nanowires, as
shown in Figure 32. As discussed above, the smaller the sizes
of the 1D metal-oxide nanostructures, the higher the gas sen-
sitivity. Similarly, for light gases, such as H,, the smaller 1D
ZnO nanowires have higher gas sensitivity. For the heavy iso-
butene gas, higher gas sensitivity is obtained with larger 1D
ZnO nanowires. In addition, many metal-oxide nanostructure-
based gas sensors, such as the ZnO nanowire-based gas sen-
sors?%! (for detecting H,, NHj3, isobutene, and CH, gases) and
the W,3049 nanorod-based gas sensors?®®! (for ethanol, NHj,
and NO, gases), operate well at room temperature with high
gas sensitivity. In fact, to acquire optimal sensitivity, most gas
sensors are normally operated at high temperatures above
room temperature. External heating systems are needed to
increase the working temperatures of the gas sensors. However,
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Figure 32. Gas responses of various diameter ZnO nanowire-based gas
sensors for H,, NH3, isobutene, and CH, gases. Reproduced with permis-
sion.[?] Copyright 2010, Elsevier.

gas sensors based on the 1D SnO, nanowires can operate at
high temperatures without external heating systems.?? This is
because the 1D SnO, nanowires are self-heated by a dc power
applied to the two terminals of the nanowires. The two-terminal
method?86292] involves the metal-insulator transition for the gas
sensing of the 1D metal-oxide nanostructures.

A gas sensor device comprised of a single SnO, nanowire
and two Pt-SnO, Schottky contacts is shown in Figure 33a. The
nanowire and the two Schottky contacts dissipate the applied
electrical power to generate heat. Obviously, the more power
applied, the higher the temperature. The graphs in Figure 33b
show that the self-heating SnO, nanowire-based gas sensors
behave the same as the SnO, nanowire-based gas sensors with
external heaters for NO, gas of 0.5 ppm. It is important that
gas sensors perform well, not only with self-heating but also
in humid atmospheres. The single SnO, nanowire-based gas
sensor can be operated to obtain high gas sensitivity in various
humid atmospheres.?*! The responses and recovery times of
this SnO, humidity sensor are only 120-170 and 20-60 s when
the relative humidity of the air is 5 and 85%, respectively. The
resistance of the single SnO, nanowire promptly decreases as
the relative humidity of the air increases. The resistance of the
SnO, NW in dry air (5%) is calculated to be =14 times greater
than that when the relative humidity is 48%, and =32 times
greater than that when the relative humidity is 85%. Obviously,
water vapor in the air has a strong influence on the conduc-
tivity of a single SnO, nanowire. In addition, a bundle of 1D
W13049 nanowires can be fabricated for gas sensors.??3] They
can also be operated in humid air and the gas sensitivity for
50 ppb of NO, can reach =9 at room temperature in humid air.
The advantages of the single-nanowire gas sensors include self-
heating, working at room temperature, and operating in humid
atmospheres.

Nanobelts offer larger surface areas than other nanostruc-
tures such as nanorods and nanowires because of their higher
surface-to-volume ratios. The 1D Sn0,*** and V,0s!'7*) nano-
belt-based gas sensors are highly sensitive and stable for envi-
ronmental polluting gases such as CO and NO,, as well as
for ethanol for exhalation analyzers. For example, the sensor
responses are 41.6 for 250 ppm for ethanol and -15.5 for
0.5 ppm NO, at 400 °C.2%4 In addition, the gas sensitivity of the
metal-oxide nanostructure-based gas sensors can be improved
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Figure 33. a) Probing current versus working temperature of the single
SnO, nanowire gas sensors. The SEM image in the inset shows a single
SnO, nanowire connected to two Pt microelectrodes. The equivalent
circuit corresponds to two Pt/SnO, contacts connected in series with
a single nanowire. These three components dissipate electrical power
and contribute to the self-heating of the device. b) The responses of the
single SnO, nanowire-based gas sensor operated in self-heating mode
with an external heater for 0.5 ppm NO,. The inset shows the response
versus time. Reproduced with permission.?2l Copyright 2008, American
Institute of Physics.

with extrinsic Pd nanoparticles.[*0286:300] This is because the Pd
nanoparticles on the nanowire surface create Schottky barrier-
type junctions between the Pd nanoparticles and the metal-oxide
nanostructures. These junctions result in the formation of elec-
tron depletion regions within the metal-oxide nanostructures so
that the the effective conduction channel and the conductance
are constricted and reduced, respectively. There is a dramatic
improvement in the gas sensitivity due to the enhancement of
the catalytic dissociation of the molecular adsorbate on the sur-
faces of the Pd nanoparticles and the subsequent diffusion of
the resultant atomic species to the oxide surface.l*)) The cata-
lytic activities of the Pd nanoparticles greatly increase the quan-
tity of oxygen to repopulate the oxygen vacancies on the surface
of the 1D metal-oxide nanostructures. In brief, the 1D metal-
oxide nanostructures offer many advantages for their use in gas
sensors as mentioned above, so that in future, gas sensors will

Adv. Funct. Mater. 2012, 22, 3326-3370
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be fabricated with 1D metal-oxide nanostructures rather than
thin films.

5.2. Electrochromic Devices

Metal-oxides have attracted considerable attention due to their
electrochromic characteristics. Many of these metal-oxides,
such as WOj3, V,0s, and NiO, are excellent electrochromic mate-
rials. Their optical properties reversibly and persistently change
with the intercalation and deintercalation of cations, such as
H*, Li*, Na*, and K", due to the application of an external elec-
tric field. It is known that H* ions are smaller than Li* ions
and the chemical diffusion coefficient of H* ions is an order
of magnitude larger than that of Li* ions. This suggests that
the switching response in acidic electrolytes will be faster than
that in lithium-based electrolytes. The metal oxides are good for
electrochromic materials because they can endure acidic elec-
trolytes without degradation. As the cations are intercalated or
deintercalated into the surfaces of the electrochromic materials,
the surfaces become colored or bleached (or vice versa). If more
cations remain on the surface, the color changes more. In other
words, greater surface area provides more space for cations, so
in contrast with thin films, the 1D metal-oxide nanostructures
are a good candidate for electrochromic applications. The 1D
nanostructures offer the advantages of larger surface area and
more capillary pathways for ion intercalation and deintercala-
tion. In fact, 1D metal-oxide nanostructures, including Ta,Os,>®!
WO,,[57:301302] NiQ 393 MoO,,3%4 V,05,3053%] and TiO,,214307]
have already been used in electrochromic devices. These elec-
trochromic devices are based on three-electrode cells composed
of a working electrode, a counter electrode, and an independent
saturated calomel electrode. Figure 34 shows a schematic rep-
resentation of a typical 1D metal-oxide nanostructure-based
electrochromic device, which is composed of transparent 1D
metal-oxide nanostrcuture arrays fabricated on a conducting
[TO-thin-film-coated glass, an electrolyte, and another con-
ducting ITO-thin-film-coated glass.

WO; is one of the electrochromic materials that which has
been extensively studied. However, amorphous WOj; can only
be exploited in lithium-based electrolytes because the structure
is not compact and the dissolution rate is not high in acidic
electrolyte solutions. Crystalline WO; can be used in acidic elec-
trolytes due to the comparable coloration efficiency and high
stability compared to amorphous WO;.3%l 1D crystalline WO,
nanorods can be synthesized by a facile wet-chemical process
without sulfates as capping agentsP”3%U to construct WO;
nanorod-based electrochromic devices consisting of cation elec-
trolytes and conducting ITO-thin-film-coated glass. The cation
electrolytes can be composed of a Li* aqueous solution of 1.0 M
lithium perchlorate (LiClO,4) in propylene carbonate (PC),>”! or
an H* aqueous solution of 0.5 M H,50,.3%" The photographs
in Figure 35a show the electrochromic phenomena of the WO;
nanorod-based electrochromic devices with an Li* ion electro-
lyte and conducting ITO-thin-film-coated glass.’”) The WO,
nanorod-based electrochromic device is transparent, suggesting
that the WO; nanorods are also transparent. When a voltage
of —1.0 V was applied, the WO3 nanorod-based electrochromic
device immediately turned green. The WOj; nanorod-based
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Figure 34. Schematic diagram of the 1D metal-oxide nanostructure-
based electrochromic device. Reproduced with permission.F8 Copyright
2011, American Institute of Physics.

electrochromic device first became blue and then deep blue, as
the voltage decreased to -2 and —3 V. The deep blue color could
remain for several days after the applied voltage was removed.
A voltage of 3 V was applied to bleach out the deep blue color,
after which the WOj; nanorod-based electrochromic device
became transparent again.

The transmittance spectra shown in Figure 35b display the
optical transmittance of The WO3 nanorod-based electrochromic
device at applied voltages of 0, -1, -2, -3 and 3 V, respectively.
The transmittances obtained at applied voltages of -1, -2, and
-3 V are obviously lower than those obtained at 0 and 3 V. The
maximum transmittances of the spectra taken at applied voltages
-1, -2, and -3 V are located at =533, 512, 228 nm, respectively,
verifying that the WO; nanorod-based electrochromic devices
become green, blue, and deep blue at these applied voltages.
All the transmittances at 632.8 nm were selected to characterize
the electrochromic properties of the WO; nanorod-based elec-
trochromic devices. The optical transmittance difference (AT =
Thleached— Leolored) Detween the colored-state (applied voltage of
-3 V) and bleached-state (applied voltage of +3 V) at the wave-
length of 632.8 nm are =66%, which is a relatively large value.
Obviously, the large AT gives the WO3-nanorods/ITO thin-film
the potential for use in electrochromic devices. The T jeq and
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spectra recorded for applied voltages of 0, -1, =2, -3, and 3 V. c) The colored-bleaching cycles. Reproduced with permission.’”) Copyright 2008,

American Chemical Society.

Thleached are selected as the transmittance references for the col-
oration-bleaching cycles. The transmittance graph in Figure 35¢
shows three coloration-bleaching cycles, which vary as a func-
tion of time within 5000 s for the WO;-nanorods/ITO thin-film.
The transmittance curves are repeated and alternate between
the Tojored and Tpeached- The switching responses, including the
coloration () and bleaching (t,) times, are very crucial to the
performance of the electrochromic devices. Shorter switching
responses represent better performance in the electrochromic
devices. The switching response can be determined as the time
required for 50, 70, and 90% changes in AT. In this study, the
tes0%) and ty(so%), te(rooe) and tuzos), and teos) and tyeos) of the
electrochromic WO;3-nanorods/ITO thin-film are 13 and 8 s, 38
and 42 s, and 272 and 364 s, respectively.

The FESEM image in Figure 36a illustrates a portion of the
large-area high-density 1D Ta,Os nanorods on the conducting
ITO thin film, verifying that the high-density 1D Ta,O5 nanorods
are homogeneously fabricated in a large-area array. The photo-
graph inset to Figure 36a shows the transparency of large-scale
1D Ta,0Os nanorods synthesized on the conducting ITO thin
film coated on glass. The 1D Ta,O5 nanorods are very compact,
but the textural boundaries are clearly visible. The array contains
~1900 Ta,0O5 nanorods per square micrometer. Cyclic voltammo-
gram (CV) measurement is an excellent method to examine the
electrochromic effect with the double-charge (protons and elec-
trons). Figure 36b shows a CV graph of the 1D Ta,Os nanorods

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

on the ITO thin-film (Ta,Os-nanorods/ITO thin-film). The for-
ward scan is from 900 to —1000 mV, while the reverse scan is
from —1000 to 900 mV. The arrows represent the forward and
reverse scans, respectively. During the forward scan, Li* ions
become intercalated in the 1D Ta,Os5 nanorods. The transparent
Ta,0s-nanorods/ITO thin films become somewhat yellowish at
—200 mV, but turn a deep blue color at -550 mV. The larger the
negative potential applied across the Ta,Os-nanorods/ITO thin
film, the more Li* ions are easily intercalated into the Ta,Os
nanorods. However, the Ta,Os-nanorods/ITO thin-film retains
consistently deep blue in color until the end of the coloration
process. As the reverse scan begins, the deep blue color of the
Ta,Os-nanorods/ITO thin-film gradually bleaches out. The Ta,Os-
nanorods/ITO thin-film becomes completely transparent again
at negative potentials of =100 mV, implying that the smaller
the negative potential that is applied, the greater the number
Li* ions that are deintercalated in the B-Ta,Os nanorods. The
two photographs inset to Figure 36b illustrate the colored and
bleached states of the Ta,Os-nanorods/ITO thin-films. The large
diffusion coefficient for the Li* ion diffusion in the large-area
high-density 1D Ta,Os nanorod arrays is =2.35 x 10 cm? s7},
as calculated by the Randles-Servick equation,3®! indicating
that the large-area high-density 1D Ta,Os nanorod arrays are fast
enough for electrochromic devices.

The reversibility of the coloration and bleaching corresponds
to the change in the number of Li* ions in the electrolyte.

Adv. Funct. Mater. 2012, 22, 3326-3370
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Figure 36. a) FESEM image of a portion of the large-area and high-
density array showing the 1D Ta,Os nanorods on the transparent and
conducting ITO thin-film. The photograph inset to (a) shows a trans-
parent large-area high-density 1D Ta,Os nanorod array on a conducting
ITO thin-film coated on glass. b) CV graph of the Ta,Os-nanorods/
ITO thin-film for the coloration and bleaching cycles. The photographs
insets to (b) shows the coloration (deep blue) and bleaching (yel-
lowish) states of the Ta,Os-nanorods/ITO thin-film. c) The CC graph of
the Ta,Os-nanorods/ITO thin-film showing the reversibility where the
arrows signify the forward (coloration) and reverse (bleaching) scans.
Reproduced with permission.l® Copyright 2011, American Institute of
Physics.
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Chronocoulometry (CC) measurements are a good method to
study the changes in the charge density of Li* ions during the
intercalation and deintercalation. The CC graph in Figure 36¢
shows the charge density of Li* ions as a function of time.
When a negative potential of -1 V is applied, the charge den-
sity of the electrolyte drops to —5.11 mC cm™ in 10 s. When
the negative potential of —1 V is switched to a positive potential
of 0.9 V, the charge density rises to —1.3 mC cm™ in 10 s. The
charge densities for the intercalation and deintercalation routes
are 5.11 mC cm™ (=Q;) and 4.08 mC cm™2 (=Qg;), respectively.
The reversibility of the Ta,Os-nanorods/ITO thin film that can
be determined with (Qg;/Qy)*! is =79.8%. The large-area high-
density 1D Ta,Os nanorod array can strongly enhance the Li*
intercalation and deintercalation routes. Many factors, such as
the 1D features, large-area, high-density, thickness and textural
boundaries, can cause a great improvement in the ion path-
ways in the large-area high-density 1D Ta,Os nanorod array,
which significantly assists in the transport or migration of Li*
ions to and from the sample surface. The large diffusion coef-
ficient and high reversibility make the large-area high-density
1D Ta,05 nanorod arrays excellent for electrochromic devices or
smart windows.

5.3. Light-Emitting Diodes

Light-emitting diodes (LEDs) are a typical p-n junction device
that can generate visible light emission simply by the applica-
tion of electrical power. In short, excited electrons in the con-
duction band drop back to the valence band and recombine
with holes. Visible light is then emitted to release energy. This
phenomenon is called electroluminescence (EL). Metal oxides
are good semiconducting materials and therefore can be used
for LED applications. There are more advantages to the use
of 1D nanostructures of metal oxides for this purpose than
the bulk material or thin films because of their large bandgap
(3.37 eV) and enhanced emission efficiency. Many 1D nanostruc-
tures of metal oxides, including ZnO,[?39240:310-315] \jjQ,[313316]
SnO,B17318 and Ta,0s,14>130 are utilized for LEDs. 1D ZnO
nanostructures are the best choice for the fabrication of LEDs.
The light emissions from the ZnO nanostructures are strongly
dependent on the growth methods and conditions and they can
emit various colors of light, including ultraviolet,31331% violet-
blue, 240314 blue-white,'] blue,311:312320321] white, 322 yellow-
green, B3 orange-red,?23] green, 2%l violet,32%! etc.

ZnO has the potential for use in LEDs and optoelectronic
devices that operate at room temperature because of the wide
~3.36 eV bandgap, which allows it to operate in harsh environ-
ments, such as outer space and high radiation facilities.[??+3%%]
Light has a better chance to escape from nanostructure-based
LED devices and heat is easily released. Figure 37a shows an
FESM image of vertically aligned ZnO nanorod arrays capped
by a ZnO thin film.’'?l The ZnO nanorods are =700 nm long
and =80 nm wide, and the ZnO film is =200 um thick. The ver-
tically aligned ZnO nanorod arrays and the ZnO thin film are
prepared by a catalyst-free metal-organic chemical vapor deposi-
tion (MOCVD) procedure on Al,O; substrates with p-type GaN
interlayers. Figure 37b displays the room temperature IV curves
obtained from the n-ZnO nanorods/p-GaN heterostructures.
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Figure 37. a) FESEM images showing vertically aligned ZnO nanorod
arrays are capped by a ZnO thin film. b) Room temperature IV curves of
the n-ZnO nanorods/p-GaN heterostructures. The inset to (b) shows a
schematic diagram of the nanorod-array-based LED device, which consists
of the n-ZnO nanorods/p-GaN heterostructures. c) Photographs showing
blue light emissions, or EL, from the nanorod-array-based LED device at
the forward bias. d) EL spectra of the nanorod-array-based LED device.
Reproduced with permission.12 Copyright 2007, Institute of Physics.
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The schematic diagram in the inset to Figure 37b shows the
nanorod-array-based LED device, which consists of the n-ZnO
nanorods/p-GaN heterostructures. The IV curves are obviously
asymmetrical, indicating the rectifying behavior of the n-ZnO
nanorods/p-GaN heterostructures in nanorod-array-based LED
devices. There is no current delay at the forward bias because
both the metal/n-ZnO and metal/p-GaN interfaces have good
ohmic contacts with a negligible Schottky barrier. When the
n-ZnO nanorods/p-GaN heterostructures are exposed to UV
light emission of 365 nm, the current is enhanced. The IV-curve
results verify that the n-ZnO nanorods/p-GaN heterostructures
are very sensitive to UV and therefore the heterostructures
can be used as UV sensors. The photographs in Figure 37c
demonstrate the EL of the blue light emitted from the nano-
rod-array-based LED device at the forward bias. The blue light
emissions are intensive and thus can be seen by the naked
eye. Figure 37d shows the EL spectra obtained from the nano-
rod-based LED device. The wavelengths mainly range between
440 and 600 nm. However, at the backward bias, no light emis-
sion is observed. The blue light emission supposedly comes
from the p-GaN layer, so the excited electrons originate from
the n-ZnO nanorods. Thus, the electrons from the n-ZnO
nanorods are injected into the p-GaN layer at the forward bias,
while no electrons can be injected into the p-GaN layer at the
backward bias. This is what gives the n-ZnO nanorods/p-GaN
heterostructures promise for optoelectronic applications.
Reliable electrical injection into a single 1D ZnO nanowire
can be described for LEDs and laser diodes. Figure 38a shows
a schematic diagram of the procedure for the preparation of a
metallic contact on the top surface of a single ZnO nanowire.l31%
1D ZnO nanowires are randomly dispersed on a heavily doped
p-Si substrate (resistivity is 0.001 Q cm). A poly(methyl meth-
acrylate) (PMMA) thin film of =120 nm is then spin-coated onto
the substrate. The PMMA surface area (highlighted by the red
box) is exposed to the electron beam. The unexposed PMMA
area can be removed by acetone and the exposed area is shrunk
and crosslinked with PMMA thin film. Ti/Au layers are then
deposited by electron-beam evaporation to prepare the top con-
tact, to completely form the single ZnO nanowire-based LED
device. Figure 38D displays the EL and PL spectra of the single
ZnO nanowire-based LED devices. The EL is taken at different
voltages, and the PL is excited by a 325 nm He-Cd laser. All EL
behaviors are similar and the spectral characteristics are repro-
ducible for various devices. The short wavelength emissions can
be enhanced for the single ZnO nanowire-based LED devices at
elevated bias voltages. The light emissions range from 350 nm
to 850 nm. The broad spectral peaks corresponding to the PL
and EL emissions are contributed due to the defects and surface
states. The weak luminescence centered at =380 nm is attrib-
uted to excitonic recombination. The PL is centered at 556 nm
and has a full-width at half maximum (FWHM) of =170 nm.
An examination of Figure 37 shows that ZnO nanorod-array-
based LED devices have to develop into the next generation of
blue/near-UV light sources. Although the blue/near-UV light
emissions do come from the ZnO nanorods, they are uncon-
trolled and randomly scattered. Also, the blue/near-UV light
emissions cannot be distinguished. In other words it is impor-
tant to control and enhance the spatial distribution of the EL
from ZnO nanorod-array-based LED devices. The schematic
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Figure 38. a) Schematic diagrams showing the procedure for prepara-
tion of a metallic contact on the top surface of a single ZnO nanowire.
b) Room temperature EL and PL spectra of single ZnO nanowire-based
LED devices. Reproduced with permission.'% Copyright 2006, American
Chemical Society.

diagram in Figure 39a displays an ordered ZnO nanorod-
array-based LED device that is capable of controlling the posi-
tions of the ZnO nanorods on the p-GaN substrate.?2!l The
ZnO nanorods arranged in a controllable array pattern appear
as ordered light spots. The SEM images in Figure 39b—d show
the side and top views of a portion of the ordered ZnO nanorod
arrays. The ZnO nanorods that are =30 nm wide are coated
with SiO, and wrapped by PMMA. The ohmic contacts at the
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Figure 39. a) Schematic diagram of the ordered ZnO nanorod-array-
based LED device. b—d) SEM images showing the side and top views
of a portion of the controllable ordered ZnO nanorod arrays. ) Optical
image showing the lit-up ZnO nanorod-array-based LED at an applied
voltage of 10 V. f) EL spectra obtained from the ZnO nanorod-array-
based LED devices. Inset to (f) showing three distinct decomposed EL
peaks obtained with Gaussian functions. g) Evolution of the three dis-
tinct decomposed EL peaks at various applied voltages. The inset to
(g) shows a schematic diagram of the n-ZnO/p-GaN heterojunction and
three recombination processes. Reproduced with permission.}2'l Copy-
right 2010.
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interfaces between the bottom p-GaN and top n-ZnO nanorods
can provide EL. Figure 39e shows an optical image of a lit-up
ZnO nanorod-array-based LED for an applied voltage of 10 V.
In the LED device, all of the ZnO nanorods are connected in
parallel and each single nanorod behaves as a light emitter. The
pitch between each lighting spot is 4 um and the resolution is
6350 dpi. The brightness of the ordered ZnO nanorods is dis-
similar, probably because of the current crowding effect, dif-
ferent serial contact resistances, and different injection currents
moving through the individual nanorods. Figure 39f shows the
EL spectra obtained from the ZnO nanorod-array-based LED
devices. The light emissions are monitored at various applied
voltages, from 4 to 10 V, at room temperature. The larger the
applied voltage, the higher the intensity of the EL emission is.
The main EL emission peaks show a slight blue shift in the
range of 400-420 nm with a FWHM of =60 nm. The inset to
Figure 39f shows the decomposition of an EL peak into three
distinct EL peaks fit using Gaussian functions. Figure 39g dis-
plays the evolution of the three decomposed EL peaks at various
applied voltages. The three EL peaks, centered in the ranges of
395-415, 420-440, and 450-510 nm, respectively, correspond
to the three recombination processes. The inset to Figure 39g
shows a band diagram of the n-ZnO/p-GaN heterojunction and
three recombination processes, which are i) the near band edge
(NBE) transitions in ZnO nanowires, ii) the transitions from
the conduction band (or shallow donors) to deep Mg acceptor
levels in the p-GaN thin film, and iii) the radiative interfacial
transition of the electrons from n-ZnO and holes from p-GaN.

5.4. Field Emitters

A field emission is a physical phenomenon where electrons
are emitted into a vacuum from sharp features when negative
voltages are applied to the samples. This occurs with a strong
electric field because electrons can easily tunnel through the
potential barrier between sharp-tip features and metallic elec-
trodes. The sharp-tip features can enhance the field emission
properties, as the field emitters. The transition metal-oxides
are good potential field emitters because of their thermal and
chemical stability? so 1D metal oxide nanostructures should
be excellent for field emitters in commercially produced flat
displays. The 1D metal oxide nanostructures have very sharp-
tip features at the ends. At the present time, many types of
1D metal oxide nanostructures have been used for field emis-
SiOl’l, including Zno’[71,246,247,249,326,327] VZOS’[328,329] WO3,[123]
WO, 0,33 WO, Ti0, 331332 §1n0, 276333334 Mo0, 335336
and Mo0O,.2¥l Here, we introduce three significant exam-
plesB3033833 demonstrating the field emission of 1D metal
oxide nanostructures.

The schematic diagram in Figure 40a shows the setup for
an in situ measuring system.?*] The 1D ZnO nanowire (NW)
sample is mounted perpendicular to the side of a triangular-
shaped sample holder. A tungsten needle with a flat top is used
as the counter electrode, and attached to an x-y mechanical
stage (=20 nm moving resolution). The x-y stage is controlled
by a stage controller and the nanowire sample and the tungsten
needle are connected to the negative and positive electrodes in
a DC circuit source. The voltage and current are read by the
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Figure 40. a) Schematic diagram and b) photograph of the setup of the
in situ measuring system. c) SEM image showing a typical morphology
of the high-density ZnO nanowires arranged in an array. d,e) SEM images
showing the controlled and random ZnO nanowire arrays with similar
densities. f) Corresponding I-E and F-N curves of field emission. Repro-
duced with permission.B38 Copyright 2007.
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meter on the voltage source and picoampere meter, respec-
tively. The photograph in Figure 40b shows an SEM chamber
equipped with an in situ measuring system. The inset to Figure
40b shows the tungsten tip aligned to the nanowire sample at
the same height. The SEM image in Figure 40c shows the typ-
ical morphology of the high-density ZnO nanowires arranged
in an array. The ZnO nanowire array can have a density as
high as =110 nanowires per square micrometers. Every single
nanowire is self-aligned perpendicular to the substrate, and
none is bent or interconnected with the other nanowires. These
vertical self-aligned ZnO nanowires are perfect for field emis-
sion. The lengths and widths of the nanowires vary from =0.7
to 1 um and from 30 to 40 nm, respectively. The SEM images
in Figure 40d,e show ZnO nanowires that are controllably
and randomly distributed in two arrays but with similar den-
sities. Obviously, the separations between the ZnO nanowires
in the controlled array are much more uniform than those in
the random array. The current versus electric field (I-E) and
Fowler-Nordheim (F-N) curves are shown in Figure 40f. The
turn-on fields of the controlled and random arrays are only =9
and 21 V um™1, respectively. Both F-N curves are almost linear.
The field-enhancement factors (f) obtained for the controlled
and random arrays are 716 and 417, respectively. A larger f3
represents a higher field emitting efficiency, meaning the con-
trolled array has a better field emission than the random array.
This is because some ZnO nanowires grow closer together in
the random array and the screen effect reduces the field-emit-
ting efficiency.

Tungsten oxides may also be promising candidate materials
for electron emitters. The TEM image in Figure 41a shows the
setup for an in situ field-emission measurement system.3%]
Large-area quasi-aligned W3049 nanowires 10-50 nm wide and
100-500 long are grown on a tungsten surface. Field-emission
measurements can be performed in a vacuum system with a
background pressure of 2.0 X 10° Pa. The large-area quasi-
aligned W30, nanowires are positioned at the cathode oppo-
site to the metal anode, where the separation between anode
and cathode is 250 um. The graphs of the current density
versus electric field (J-E) are shown in Figure 41b for large-area
quasi-aligned W30, nanowires before and after ageing tests.
The threshold fields are 14.9 and =12 V um™, respectively at
1 mA cm™. The emission currents are 112 and 758 JA at 3.55 V
for W,3049 nanowires before and after ageing tests, indicating
that the W,30,49 nanowires have improved after the ageing test
to have better field emission properties. The improvement in
field emission may be due to the fact that the tips of the W;3049
nanowires have been reconditioned after the ageing test. The
graph of current versus time in Figure 41c) is obtained during
an ageing test. It is found that the ageing current of 225 PA is
larger than the 112 pA (see Figure 41Db) at 3.55 kV measured
before an ageing test. After an ageing test for 130 min, the
emission current gradually increased to 860 UA, verifying that
the ageing of the W30,49 nanowires led to improvement and
better field emission properties.

The SEM images in Figure 42a—c show various 1D tungsten
oxide nanorods grown at varying temperatures. These figures
display large-area vertically aligned WO, ¢ and WO, nanorods
and vertically aligned mixed nanorods of WO,y and WO,
grown at temperatures of 850 and 1550 °C, and in between 850
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Figure 41. a) TEM image showing the setup of the in situ field-emission
measurement system. b) Graphs showing the current versus electric field
and c) current versus time for the tungsten oxide nanowire before and
after ageing tests. Reproduced with permission.?3% Copyright 2011, Insti-
tute of Physics.

and 1550 °C, respectively. The diameters are slightly dependent
on the temperature. The higher temperatures lead to thicker
diameters. WO, and WO, nanorods have the smallest and
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Figure 42. a—c) SEM images showing various WO, ¢ and WO, nanorods
and mixtures of WO, g and WO, nanorods grown at varying temperatures.
d) Field-emission graphs of WO, 4 and WO, nanorods and mixtures of
WO, 4 and WO, nanorods prepared at elevated temperatures of 850,
1050, 1150 and 1350 °C (from left to right). e) Linear graph of the turn-on
field as a function of the relative content of WO, nanorods. Reproduced
with permission.33% Copyright 2005.
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largest diameters while the mixed nanorods have diameters
somewhere in between. The field emission graphs of J-E in
Figure 42d illustrate the field-emission properties of WO, ¢ and
WO, nanorods, and mixtures of WO,y and WO, nanorods pre-
pared at elevated temperatures of 850, 1050, 1150 and 1350 °C
(from left to right). The turn-on fields of the WO, and WO,
nanorods and the mixed WO, and WO, nanorods are 1.2,
1.8, 3.5, and 6.0 V um™, respectively, at a current density of
10 UA cm™2. The linear graph in Figure 42e shows the turn-
on field as a function of the relative content of WO, nanorods.
The function is perfectly linear so the smaller relative content
of WO, nanorods gives a lower turn-on field.

5.5. Supercapacitors

Supercapacitors have recently been attracting more atten-
tion for purposes of energy storage than either regular bat-
teries or the typical types of capacitors due to their high
power density, moderate energy density, safe operation, and
long cycle life. Supercapacitors are essentially an electro-
chemical double layer capacitor. The electrochemical perform-
ance of the supercapacitors is strongly associated with the
intercalation and deintercalation of cations, such as H*, Lit,
Na*, and K* in electrolyte solutions at applied electric fields.
Various electrolyte solutions, such as KOH,B3#0341 KCl,1342]
K,S0,,541 HCIO,,3* H,PO,+PVA,3*] HCLB463%] H,50,,34)
Na,S0,4,120034] 14,50,,B4! LiClO,,B* LiNO,,B*! LiOH,B*)
LiCo0,,?Y LiFePO,,3%% and LiPF,3°! are utilized to provide
cation sources for the supercapacitors. The supercapacitors are
classified into the two kinds according to the charge storage
mechanism of the capacitors: electrical double-layer capacitors
(EDLCs) and Faradic pseudo-capacitors (or redox supercapac-
itors). In the EDLCs an electrical charge is built up at the elec-
trode/electrolyte interface. They also usually have a high power
density. However, the EDLCs suffer from low capacitance and
low rate capability. The pseudo-capacitors have fast and revers-
ible surfaces or near-surface reactions for charge storage. In
comparison with the EDLCs, the active materials in the Faradic
pseudo-capacitors provide higher specific capacitance, but
they suffer from higher cost, poor rate capability, and low con-
ductivity. It is known that 1D metal-oxide nanostructures are
excellent candidates for supercapacitors, because of their large
surface area and prominent capillary pathways, which gives
them good charge storage ability and high specific capacitance.
1D metal-oxide nanostructures of RuQ,,?*] Ti0,,[34>346,351,352]
V,05,34234] Ni0, 340341 Bj,0,260 VO, 3%  Sn0,,3483%0]
MnO,,10348 ZnQ,[6>353] M005,3°334 and Mo0,,3>* have been
used for the fabrication of supercapacitors. The schematic dia-
gram in Figure 43 shows a metal-oxide nanostructure-based
supercapacitor, which consists of 1D metal-oxide nanostruc-
tures, an electrolyte solution, a separator, and two ITO thin-
film electrodes. The electrolyte solution definitely contains
anions and cations, whose charges are opposite to each other.
The cations and anions in the n-type metal-oxide nanostruc-
tures intercalate at the surface of the nanostructures and the
opposite electrode, respectively. However, in the p-type metal-
oxide nanostructures, the anions and cations intercalate at the
surface of the nanostructures and the opposite electrode.
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Figure 43. Schematic diagram of a 1D metal-oxide nanostructure-based
supercapacitor.

It is important to understand the processes for the develop-
ment of high power, high energy density, high specific surface
area, high electronic conductivity, and fast cation intercalation/
deintercalation high-performance supercapacitors. Among the
transition metal oxides, MnO, is a very promising material for use
in supercapacitors due to its low cost, environmentally friendly
characteristics, and excellent capacitive performance. A facile
synthesis method is employed to coat amorphous SnO,/MnO,
core/shell nanowires grown onto a stainless steel (SS) substrate,
as shown in the schematic representation in Figure 44a.3*8l
The MnO, shells of the core/shell nanowires allow for fast and
reversible faradic reactions, and facilitate a short ion diffusion
path. The SnO, cores of the core/shell nanowires possess a
high conductivity and provide a direct path for electron trans-
port. The SnO,/MnO, core/shell nanowires create channels for
effective transport within the electrolyte. Figure 44b displays
the CV curves of SnO,/MnO, core/shell nanowires at various
scanning rates of 2, 5, 10, 20, 50, and 100 mV s™'ina 1 M
Na,SO, aqueous solution. It should be noted that the core SnO,
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Figure 44. a) Schematic diagram showing the SnO,/MnO, core/shell
nanowires grown on a SS substrate. b) CV curves of the SnO,/MnO,
core/shell nanowires at scanning rates of 2, 5, 10, 20, 50, and 100 mV s™
ina1m Na,SO, aqueous solution. c) CV graph of the specific capacitance
of the core SnO, nanowires grown on the SS substrate at a scanning rate
of 2mV s7'. d) Graph showing the variation in the specific capacitance as
a function of the scanning rate. e) Graph showing the specific capacitance
obtained at various temperatures and scanning rates. Reproduced with
permission.*8 Copyright 2010, American Chemical Society.
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nanowires make no contribution to the capacitance because
they are coated with MnO,. The charge-storing process that
occurs through faradic reactions is inhibited when the charge
is stored at the surface or near the surface of the MnO, shells.
The CV graph in Figure 44c shows the specific capacitance of
the core SnO, nanowires grown on the SS substrate, which is
0.5 F g'! at a scanning rate of 2 mV s~'. Figure 44d shows the
variation in the specific capacitance of the SnO,/MnO, core/
shell nanowires as a function of the scanning rate. Obviously,
at a high scanning rate, there is a rapid decrease in the ions
but an increase in the current. The specific capacitance values
are 637 and 329 F g™! at scanning rates of 2 and 100 mV s7!,
respectively. However, the SnO,/MnO, core/shell nanowires
still retain a high specific capacitance at a high scanning rate.
The core/shell nanowire-based supercapacitors are strongly
influenced by temperature. Figure 44e shows the specific
capacitance obtained at various temperatures and scanning
rates. Evidently the specific capacitance increases with elevated
temperatures because of the decrease in the effective internal
resistance.

In addition to metal oxides, conducting polymers are also
considered for use in the fabrication of supercapacitors. Poly-
aniline (PANI) has been extensively studied for this purpose
because of its relatively high conductivity, low cost, facile syn-
thesis method and fast doping/dedoping rate.3*’! A simple and
cheap method is used to electropolymerize a disordered PANI
nanowire array into an anodic TiO, nanotube array.’*’! It is
found that the PANI nanowire-titania nanotube arrays exhibit
not only the superior capacitive property but also excellent
cyclability, giving them promise for use in supercapacitors. The
schematic diagram in Figure 45a shows a PANI-TiO,/Ti nano-
composite electrode that has been strategically fabricated for a
supercapacitor. Figure 45b shows CV graphs of the PANI-TiO,/
Ti and TiO,/Ti nanocomposite electrodes. The CV graph of the
PANI-TiO,/Ti nanocomposite electrode is noticeably different
from that of the TiO,/Ti nanocomposite electrode. The CV
curve of the former demonstrates two double redox peaks, sug-
gestive of the large pseudocapacitance of that the PANI-TiO,/
Ti nanocomposite electrode. However, the CV curve (see inset
to Figure 45b) of the TiO,/Ti nanocomposite electrode indicates
that it is a typical EDLC, and the corresponding capacitance is
slightly smaller than that of the PANI-TiO,/Ti nanocomposite
electrode. Figure 45c shows the CV curves of the PANI-TiO,/
Ti nanocomposite electrode obtained at scanning rates of 5, 10,
20, 50, and 100 mV sL. All the CV profiles have similar spec-
tral features in terms of anodic and cathodic peaks. It can be
seen in the inset to Figure 45c that there is a linear increase
in the peak currents of the nanocomposite electrode with the
scanning rate. The results reveal excellent kinetic performance
and high-power characteristics of the PANI-TiO,/Ti nanocom-
posite electrode making it a good candidate for supercapacitors.
Figure 45d shows the galvanostatic charge-discharge curves for
the PANI-TiO,/Ti nanocomposite electrode measured between
0 and 0.6 V at various current densities of 1, 2.5, 5, 7.5, 10, and
20 A g!. The specific capacitance of the PANI-TiO,/Ti nano-
composite electrode can be calculated to be 732, 647, 603, 581,
568, and 543 F g~. The specific capacitance versus current den-
sity is shown in Figure 45e. Obviously, there is a slight decrease
in the specific capacitance at elevated current densities. At a
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high current density of 20 A g, the measured specific capaci-
tance is around 74% that at 1 A g7}, indicating the good rate
capability of the PANI-TiO,/Ti nanocomposite electrode. The
results verify again that the PANI-TiO,/Ti nanocomposite elec-
trode is an excellent candidate for supercapacitors because it can
provide high power density with little loss in energy density.

5.6. Nanoelectronics

The miniaturization of electronics has led to the development
of nanodevices based on nanoscale building blocks, but it is
expected that we will reach some fundamental physical limita-
tions. The large aspect ratios of length to width of 1D metal-
oxide nanostructures has made them promising candidates for
diverse applications in nanoelectronics, including in field-effect
transistors (FETs)723%5-3¢4] and logic circuits.”>3%5-3%1 The 1D
metal-oxide nanostructures utilized for nanoelectronics are
mainly nanowires and nanorods, and the metal-oxides used
for their fabrication include ZnO,l727%3%5359-3691 WQ, ., 3>
W03, Sn0,,>! and VO,.’>8 It should be noted that the
characteristics of metal-oxide nanostructure-based electronics
may be significantly different from those of the traditional bulk
ones. Some of the special characteristics of metal-oxide nanos-
tructure-based electronics are discussed below.

Nanowire-based electronics or devices can be constructed
from the bottom up of innovative electronic building blocks. The
reduced area of the nanocontact may enhance the contact’s elec-
trical properties. The properties of two-contact nanowire-based
electronics have already been demonstrated in many studies,
but it is still an important issue whether these arise from the
nanocontacts or from the nanowires. The schematic diagrams
in Figure 46a illustrate the conventional n-channel metal-
oxide-semiconductor (MOS) FET and metal-oxide nano-
wire-based devices.’®%l The source and drain electrodes of the
conventional MOS FET devices are connected by a 2D con-
ducting channel in a surface inversion layer. However, the
source and drain electrodes of the nanowire-based device are
conjoined through a single 1D metal-oxide nanowire that acts as
a 1D conducting channel. The schematic diagrams in Figure 46b
illustrate the corresponding contact areas of a conventional
MOS FET and a nanowire-based device. A comparison of the
two devices shows the significance of the nanocontact resist-
ance gained for nanowire-based devices. Since the cross sec-
tional area of a single nanowire is on the same order of mag-
nitude as the de Broglie wavelength of the electron, ballistic
quantum transport may occur in the 1D metal-oxide nanowire.
The contact resistance (R¢) is proportional and inversely pro-
portional to the specific contact resistivity (pc) and contact area
(Ac), respectively. The general rule for the contact resistance is
formulated as R¢ = pc/Ac. As shown in Figure 46b, the nano-
contact area is apparently 2 or 3 orders of magnitude larger than
the conventional contact area, which means that the nanocon-
tact resistance (Rc) in the nanowire-based device is a hundred
or a thousand times higher than that of the conventional MOS
FET device at the same specific contact resistivity (pc). Conse-
quently, the distinctive attribute of the tiny contact area in the
nanowire-based device greatly intensifies the nanocontact resist-
ance, which has a strong influence on the electrical properties
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Figure 45. a) Schematic diagram showing the PANI-TiO,/Ti nanocomposite electrode. b) CV graphs of the PANI-TiO,/Ti and TiO,/Ti hanocomposite
electrodes, respectively. ¢) CV curves of the PANI-TiO,/Ti nanocomposite electrode obtained at scanning rates of 5, 10, 20, 50, and 100 mV s7',
respectively. It can be seen in the inset to (c) that the peak currents increase linearly with the scanning rate. d) Galvanostatic charge-discharge curves
of the PANI-TiO,/Ti nanocomposite electrode. e) Specific capacitance of the PANI-TiO,/Ti hanocomposite electrode as a function of current density.
Reproduced with permission.?*”l Copyright 2011, Royal Society of Chemistry.
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Figure 46. a) Schematic diagrams of the conventional n-channel MOS
FET and metal-oxide nanowire-based devices. b) Schematic diagrams
of the corresponding contact areas of a conventional MOS FET and a
nanowire-based device. c¢) Graph showing various IV curves obtained
from 150° to RT for the ZnO nanowire-based device. The inset to
(c) shows the circuit with the two Ohmic nanocontacts (indicated by
circles) at either end of the single ZnO nanowire (resistance symbol).
d) Graph showing the different temperature behaviors of the ZnO
nanowire-based device at various bias voltages. e) Graph of the
zero-voltage resistances as a function of temperature. Reproduced with
permission.3%3l Copyright 2008, American Chemical Society.

of the nanowire-based electronics. The IV graph in Figure 46¢
shows various IV curves obtained from 150° to room tempera-
ture (RT) for the ZnO nanowire-based device. At small voltages,
the IV curves are linear and bent downward symmetrically
with descending temperature. The ZnO nanowire-based device
possesses the characteristics of linear IV curves and lower RT
resistances, implying that both of the nanocontacts are of the
Ohmic type. The inset to Figure 46c shows a schematic repre-
sentation of a circuit diagram of the two Ohmic nanocontacts
(indicated by circles) at either end of the single ZnO nanowire
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(resistance symbol). The two Ohmic nanocontacts indicate
that the main contribution to resistance in the ZnO nanowire-
based device is from the intrinsic ZnO nanowire. The graph in
Figure 46d shows the different temperature behaviors of the
ZnO nanowire-based device at various bias voltages. The graph
in Figure 46e displays the zero-voltage resistances as a function
of temperature, verifying the intrinsic ZnO nanowire resistance
and the thermally activated transport of conduction through the
single nanowire.

ZnO nanowire-based logic inverters play a key role in logic
circuits. Simple logic circuits with a high gain and robust noise
margin normally consist of n-channel depletion-mode (D-mode)
ZnO-nanowire-based FETs as the load device, and n-channel
enhancement-mode (E-mode) ZnO-nanowire-based FETs as
the driver device.3”] The D- and E-mode ZnO nanowire-based
transistors are respectively controlled by smooth and corru-
gated ZnO nanowires grown on an Au-coated c-plane sapphire
(denoted as Au-sapphire) and an Au-coated gallium-doped ZnO
film (denoted as Au-GZO film). The TEM images and SAED
patterns in Figure 47a,b show the single smooth and corru-
gated ZnO nanowires, respectively. The lattice-resolved images
and SAED patterns in these figures indicate that both types of
ZnO nanowires are single crystalline with the preferred growth
direction being [0001]. Figure 47c shows a schematic represen-
tation of a ZnO nanowire-based logic inverter comprised of
D- and E-mode ZnO nanowire-based transistors functioning
as the driver and load devices, respectively. The smooth and
corrugated ZnO nanowires operate as D- and E-mode transis-
tors, respectively. The optical images in Figure 47d show actual
inverters composed of D-mode and E-mode ZnO nanowire-
based FET devices. The SEM image in Figure 47e shows a ZnO
nanowire-based FET device (before being coated with cPVP)
that functions as a component in the logic inverters.

The graphs in Figure 47f,g show IV curves of the smooth
and corrugated ZnO nanowires grown on the Au-sapphire and
the Au-GZO film indicating the output characteristics and the
transfer characteristics. As can be seen in Figure 47f, the IV
curves (IpsVps, source-drain current versus drain voltage) of
both ZnO nanowire-based FETs exhibit well-defined linear
regimes at low bias, and saturation regimes at high bias,
indicating that both demonstrate the typical n-type FET elec-
trical behavior. However, the IV behavior of the smooth ZnO
nanowires grown on the Au-sapphire (left-hand panel) is dif-
ferent from that of the corrugated ZnO nanowires grown on
the Au-sapphire and the Au-GZO film (right-hand panel).
It can be seen that the electrical conductance and threshold
voltage can be controlled by the surface roughness of the ZnO
nanowires. Figure 47g displays the IV curves (IpgVgs, source-
drain current versus gate voltage) of both ZnO nanowire-based
FETs. The smooth ZnO nanowire-based FET device fabricated
on the Au-coated sapphire substrate operates as the on-type
n-channel D-mode (blue symbols). The IV characteristics of
the smooth ZnO nanowire-based FET device exhibit nonzero
current at a zero gate bias and a negative threshold voltage,
indicating that the smooth ZnO nanowire-based FETs exhibit
a negative threshold voltage (D-mode behavior). On the other
hand, the corrugated ZnO nanowire FET device fabricated on
the Au-GZO film operates as an off-type device in the n-channel
E-mode (red symbols). The IV characteristics of the corrugated
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Figure 47. TEM images and SAED patterns showing the single a) smooth and b) corrugated ZnO nanowires. c) Schematic diagram of the ZnO
nanowire-based logic inverters comprised of the D- and E-mode ZnO nanowire-based transistors for the driver and load, respectively. d) Optical images
of the actual inverters composed of D-mode and E-mode ZnO nanowire-based FET devices. €) SEM image of a ZnO nanowire-based FET device. IV
curves for the smooth and corrugated ZnO nanowires grown on the Au-sapphire and the Au-GZO film for (f) show the output characteristics and (g)
transfer characteristics. Reproduced with permission.3¢”) Copyright 2009, American Institute of Physics.

ZnO nanowire-based FET device exhibit off-current status at a
zero gate bias and a positive threshold voltage, implying that
the corrugated ZnO nanowire-based FETs exhibit a positive
threshold voltage (E-mode behavior). The threshold voltages of
the D-mode and E-mode ZnO nanowire-based FETs are found
to be —0.5 and 1.8 V, respectively. The inset to Figure 47g shows
the statistical distribution of the threshold voltage positions of
the D-mode and E-mode ZnO nanowire-based FETs. It can be
seen that the D-mode and E-mode ZnO nanowire FETs can be
well controlled by the nanowire surface morphology.

5.7. Nanogenerators

Harvesting of unexploited mechanical energy to power and
drive electronic or nanodevices is increasingly attracting scien-
tific attention. Nanoscale materials and nanotechnology could
play important roles in the development of very small volume
nanogenerators for self-powered electronics and nanode-
vices.3*370381 Using the piezoelectric effect, nanogenerators
can convert external mechanical energy to electrical energy. Of
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the 1D nanomaterials, only 1D ZnO nanostructures possess
the potential for use in these nanogenerators. ZnO has three
advantages for this purpose: i) excellent semiconducting and
piezoelectric properties; ii) little toxicity which makes it good
for biosafe, biocompatible biomedical applications; and iii)
having the most diverse and abundant types of nanostructures,
which can include nanowires,?*371:373.375-378381] nanorods,!7%
nanocones,?’! and nanotubes,*”Z most of which are almost
exclusively n-type ZnQ[3+370-372.374-381] byt some p-type Zn0.1373
Under external mechanical forces these structures can be elasti-
cally deformed to create a piezoelectric potential that can induce
a through current. The power generated by the 1D nanostruc-
ture-based nanogenerators is influenced by many factors such
as the i) number of active nanostructures; ii) the magnitude
of the external forces that control the deflections; iii) the con-
tact resistance between the electrodes and the nanostructures,
which dissipates the voltage; iv) the optimal conductivity of the
nanostructures; and v) the size of the electrodes.

As mentioned above, nanoscale mechanical energy can be
converted into electrical energy by means of piezoelectric ZnO
nanowire arrays.** Figure 48a shows an SEM image of large-area
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Figure 48. a) SEM image of the large-area aligned ZnO nanowires grown
on an Al,0; substrate. b) Schematic diagram of a coated Pt AFM tip
scanning a ZnO nanowire in the contact mode. c—h) Schematic dia-
grams showing the physical principle for inducing current from the tip-
nanowire interface at the forward bias. The stretching and compression
of the nanowires creates the strain that can cause the electrical fields and
voltages across the nanowires and finally induce a useful current. Repro-
duced with permission.?l Copyright 2006, American Association for the
Advancement of Science.

aligned ZnO nanowires grown on an Al,O; substrate. A thin
and continuous ZnO layer that first forms at the substrate
serves as a large electrode connecting the ZnO nanowires
to a metal electrode for transport measurement. For the pur-
pose of nanogeneration, 0.2-0.5 mm long ZnO nanaowires are
grown in a large-area but low density array, where the atomic
force microscopy (AFM) tip can connect every single nanowire
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without touching the neighboring nanowires. Figure 48b shows
a schematic diagram of a Pt-coated AFM tip for the scanning
of individual ZnO nanowires in contact mode. The tip scans
over the top of the ZnO nanowires and the height is adjusted
according to the surface morphology and local contact force.
Note that the force maintained between the AFM tip and
the surface is always constant and perpendicular to the sur-
face throughout the scan. The thermal vibration of the ZnO
nanowires at room temperature is negligible.

The schematic diagrams in Figure 48c-h show the physical
principle for creating the piezoelectric discharge energy that
arises from the coupled piezoelectric and semiconducting
properties of ZnO. A vertical, straight ZnO nanowire is dis-
played in Figure 48c. When the vertical, straight ZnO nanowire
is deflected by an AFM tip, a strain field is created, as shown
in Figure 48d. The outer and inner surfaces are stretched and
compressed, undergoing positive (¢ > 0) and negative (¢ < 0)
strains. An electric field is induced along the ZnO nanowire
due to the piezoelectric effect, as shown in Figure 48e. Posi-
tive (E; = €,/d > 0) and negative (E, =¢,/d < 0) electric fields
are obtained along the stretched (outer) and compressed (inner)
surfaces, where d is the piezoelectric coefficient. The electric
potential follows the electrical fields, as demonstrated in Figure
48f. When a Pt-coated AFM tip comes into contact and deflects
the nanowire, the induced electric potentials (V;) are distributed
as a gradient across the top end of the nanowire, as shown in
Figure 48g. The V at the compressed and stretched side sur-
faces have a voltage of greater or less than zero, denoted by
Vs~ and V', respectively. In fact, the potential is induced by the
relative displacement of the Zn?* cations with respect to the
02" anions. These ionic charges cannot move freely and recom-
bine without releasing the strain. The potential difference is
maintained as long as the deformation is present. When the Pt-
coated AFM tip comes into contact with the stretched surface,
the potential (V,,) of the Pt-coated AFM tip is =0 V. The ZnO
nanowires act as an n-type semiconductor, so the tip/nanowire
interface is a reverse-biased Schottky diode. Little current is
induced at the interface to flow through the nanowire and the
circuit. When the Pt-coated AFM tip comes into contact with
the compressed surface, the tip/nanowire interface becomes a
forward-biased Schottky diode, as shown in Figure 48h. A large
current is induced at the interface to flow through the nanowire
and the circuit. This design gives a strong possibility for fab-
ricating self-powered nanodevices that could be used in every
type of electronic device, which would allow us to charge wire-
less devices outdoors.

6. Conclusion and Outlook

We reviewed the recent advances in the synthesis, characteriza-
tion, and applications of 1D metal-oxide nanostructures. Using
the direct physical deposition techniques, such as thermal evap-
oration, molecular beam epitaxial, sputtering, laser ablation,
confinement growth, and lithography, atoms and molecules
of the metal-oxides or compounds can grow in a preferen-
tial direction with or without external physical forces to form
the 1D morphology. Similarly, the direct chemical deposition
techniques, including CVD, HFMOVD, thermal oxidation,
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solvothermal and sol-gel syntheses, can be used to synthesize
1D metal-oxide nanostructures with chemical reactions. The
growth mechanisms of the 1D metal-oxide nanostructures
mainly involve physical or chemical reactions, nucleation,
assemblies, and crystallization. Based on the reactions, nuclea-
tion, assemblies, and crystallization, the growth mechanisms
can be categorized into three types, including: VLS, VS, and
SLS growth mechanisms.

The 1D metal-oxide nanostructures, including tungsten
oxides, molybdenum oxides, tantalum oxides, vanadium oxides,
niobium oxides, titanium oxides, nickel oxides, zinc oxides,
bismuth oxides, and tin oxides, are characterized using micro-
scopic analytic techniques, such as SEM, FESEM, and TEM.
The microscopic analysis demonstrates the unique properties
to be different from the bulk materials. Therefore, various 1D
metal-oxide nanostructures are widely exploited as building
blocks for appliactions in nanostructure-based devices because
they have fascinating properties better than those of bulk metal-
oxides. The nanostructure-based devices include gas sensors,
electrochromic devices, LEDs, field-emission devices, superca-
pacitors, nanoelectronics, and nanogenerators.
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