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A template-directed synthesis strategy is an ideal tool to fabricate oxide nanotubes in that their physical
dimensions can be precisely controlled and monodisperse samples can be harvested in large quantity.
The wall thickness of the oxide nanotubes is controllable by varying the deposition conditions, and the
length and diameter can be tailored in accordance with the templates used. A wealth of functional oxide
materials with the controlled polymorphs can be deposited to be nanotubular structures by various synthesis
methods. This short review article describes the recent progress made in the field of the template synthesis
of oxide nanotubes. We begin this review with the comprehensive survey on the research activities of
the template-directed oxide nanotubes. We then focus on the template synthesis that combines porous
membrane templates with various deposition techniques and discuss the processing issues associated
with coating inside nanoscale pores, selective etching of oxide nanotubes from the templates, and dispersion
against the formation of nanotubes’ bundle-up. Structures and physical properties of the oxide nanotubes
prepared by template synthesis are also summarized. Their potential for application in drug-delivery
systems, sensors, and solar energy conversion devices, which could be facilitated by the template synthesis,
is discussed. Finally, we conclude this review as providing our perspectives to the future directions in
the template-directed oxide nanotubes.

1. Introduction

A template-directed approach to preparing nanomaterials
has been pioneered by Martin and his co-workers since the
early 1990s1 in which the synthesis of uniform-sized nano-
materials benefits from the use of membrane templates with
the monodisperse cylindrical pores in terms of the diameter
and length. The timely discovery2 of carbon nanotubes
(CNTs) by Iijima triggered many researches and studies on
CNTs3,4 as well as other one-dimensional (1-D) nanomate-
rials, such as polymer,5 metal,6 and ceramics,7–10 with tubular
structures. Among 1-D nanomaterials, tubular-structured
materials have shown unique chemical and physical proper-
ties because of their outer as well as inner surfaces having
the “wall” of nanometer thick. Nanotubular structures of
inorganic oxides are, in particular, receiving a great deal of
attention because of their potential for newly emerging
applications in drug-delivery systems,11 molecular separa-
tion,12 single-DNA sensing,13 pollutants decomposition,14

hydrogen fuel,15 gas sensors,16 and solar energy conversion
devices.17–19 The applications employ the inherent charac-

teristics of oxide nanotubes that involve hollow core
structures, ultralarge specific surface areas, very narrow inner
pores, and catalytic surface properties.

There are a number of reports on the synthesis strategies
of the nanotubular structures of oxide materials in the
literature. About 50 years ago, Nemetschek and Hofmann
reported that the silica nanotubes are generated by the
reaction of silica and silicon at high temperature.20 Such
templateless, spontaneous formation of oxide nanotubes is
also found elsewhere, for instance, by hydrothermal treatment
of ceramic powders or films8 and other methods.21 Here in
this short review article, we focus on the synthesis of oxide
nanotubes by the templating method instead of the template-
less synthesis. Although the templating method limits the
dimensions of nanotubes by the dimensions of the templates,
it has many more advantages over the templateless methods,
for example, facile fabrication, various compositions of
materials, and uniform sizes of the formed nanotubes.
Therefore, template-directed methods can allow us to have
manufacturing ability to produce monodisperse 1-D nano-
tubular-structured materials with a significant high yield for
the future nanodevices. We can categorize the fabrication
methods for all of these oxide nanotubes in terms of template
types and synthesis methods to deposit materials onto the
templates. Scaffolds used can be mainly divided into three
types: positive templates, negative templates, and quasi-
templates. Positive templating is using 1-D nanostructures
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such as nanowires, nanorods, and CNTs in which oxide
materials are coated on the outer surfaces of the template.
Subsequently, they are removed by chemical etching and/or
pyrolysis. Porous membranes with monodisperse cylindrical
pores are used as negative templates that involve anodic
aluminum oxides (AAOs, or, depending on the authors,
porous anodic alumina or porous aluminum oxide) and track-
etched polymers [mostly, polycarbonate (PC)] and of which
oxide materials are deposited on the surfaces of their inside
pores. Furthermore, the formation of oxide nanotubes by
anodization of metal foils or films9 and electrospinning22 can
be assorted quasi-templating methods in that the guiding
strategy facilitates the synthesis rather than being shaped into
the physical templates. In addition to the template types,
deposition methods to coat the templates may simplify to

subdivide the template-directed oxide nanotubes. They
include electrochemical deposition,6 sol–gel synthesis,7,23

oxidation,24–26 biomimetic mineralization,18,27 and gas-phase
atomic layer deposition (ALD),28–30 and all are summarized
in Table 1.

Here we offer a comprehensive review on the template-
directed oxide nanotubes in terms of synthesis strategy,
characterization and properties, and potential applications
(see Figure 1). We begin with brief survey on the research
activities of the template-directed oxide nanotubes and then
focus on the oxide nanotubes that have been prepared with
a combination of porous membrane templates with various
materials deposition techniques, such as sol–gel, electro-
chemistry, and ALD. We also discuss the processing issues
related with nanopore coating, selective etching, and disper-

Table 1. Template-Directed Methods to Preparing Oxide Nanotubes

methods oxide materials dimensions (nm) (tw/Di/Do/L)a ref

quasi-template
synthesis

electrospinning TiO2, ZrO2, SiO2 50–100/20–360/100–500/- 22, 54, 88
anodization TiO2, ZrO2, TiO2-Nb2O5,

zirconium titanate, Al2O3

5–70/12–150/35–250/
500–22000

10, 16, 18, 52, 53

dynamic mineralization SiO2 1.4/22/27/3000 56
positive template

synthesis
solution-based

deposition
TiO2, ZrO2, SiO2 5–100/30–300/3–300/>100 23, 31, 32, 37

CVD SiO2 80–100/100/300/1000–3000 33
pulsed laser

deposition
BaTiO3, PZT 5–20/20–150/200–1000 36

electrochemical
deposition

TiO2 25–50/50–100/120–180/8000 7

heat treatments SiO2, ZnAl2O4, Bi2O3 10–100/30–100/50–200/
>5000

24, 25, 35

biomineralization TiO2, SiO2 3–50/5–200/10–600/
50–10000

27, 39–42

ALD Al2O3 5–50/30–300/35–300/>500 29
negative template

synthesis
solution-based

deposition
TiO2, MnO2, V2O5, Co3O4, ZnO,

SiO2, WO3, In2O3, Ga2O3,
BaTiO3, PbTiO3

3–100/30–300/30–300/
500–60000

8, 11, 12, 14, 43

ALD TiO2, ZrO2, Al2O3 2–100/30–300/30–300/
500–60000

28

water-induced
vapor deposition

SiO2 2–100/30–300/30–300/
500–7000

89

a tw ) wall thickness, Di ) inner diameter, Do ) outer diameter, and L ) length.

Figure 1. Schematic chart that briefly shows the historical survey on the synthesis (left) and applications (right) of oxide nanotubes. Left: P sol–gel,
electrochemical, N sol–gel, hydrothermal, and oxidation methods are respectively reproduced from refs 31a, 7, 8a, 9a, and 24 with permission. Copyright
1995–2003 American Chemical Society; ALD and anodization methods are from refs 28a and 10f with permission. Copyright 2004–2005 Wiley InterScience.
Right: Molecular separation from ref 12 with permission. Copyright 2002 American Association for the Advancement of Science; hydrogen sensing from
ref 16a with permission. Copyright 2003 Elsevier BV; single-DNA sensing, hydrogen generation, and DSSC respectively from refs 13, 15, and 18c with
permission. Copyright 2005–2006 American Chemical Society.
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sion and summarize the structural and physical properties
of the oxide nanotubes fabricated by template-directed
synthesis. Applications of oxide nanotubes, facilitated by the
template synthesis, are also discussed, with a potential in
drug-delivery systems, sensors, and photovoltaic devices. We
conclude this review with personal perspectives on the future
directions in the fundamental studies as well as potential
applications using the template-directed oxide nanotubes.

2. Synthesis Strategy of Template-Directed Oxide
Nanotubes

2.1. Use of Positive Templates. CNTs were used for the
first time as the positive templates in the fabrication of oxide
nanotubes. Nakamura et al. demonstrated that amorphous
silica nanotubes can be synthesized by Stöber sol–gel
deposition on the surfaces of CNTs under the presence of
DL-tartaric acid, followed by their burning.31 A similar
concept was also applied to the formation of yttria-stabilized
cubic zirconia.32 Vertically aligned, relatively short CNTs
were covered with silica using plasma-enhanced chemical
vapor deposition (CVD), producing silica nanotube arrays
after thermal oxidation.33 Hoyer showed that arrays of titania
nanotubes can be fabricated by electrochemical deposition
on the surfaces of poly(methyl methacrylate) nanorod arrays,
followed by dissolution of the polymer cores that have been
replicated from AAO templates and used as positive tem-
plates.7 Recent studies34 on the coating of thin dielectric
layers on the surfaces of CNTs using ALD, in principle, show
the feasibility that these coaxial nanotubes can be transformed
to fine oxide nanotubes after calcination.

Employing nanowires or nanorods as positive templates
is also a reasonable way to fabricate oxide nanotubes, which
could be well-dispersed without any bundle-up and array
structures when the nanowires are arrayed. For example, the
Yang group have developed a strategy that silica nanotubes
are created by thermal oxidation of silicon nanowires
followed by selective chemical etching of the Si core wires.24

Heat treatments might lead to another hollow structure even
without the removal step of core materials. Fan et al. reported
that ZnO@Al2O3 core/shell nanowires can be transformed
into a ZnAl2O4 spinel structure of nanotubes after annealing
at the appropriate temperature in which the core materials
are diffusively consumed through the Kirkendall effect.35 Li
et al. also reported Bi2O3 nanotubes from Bi nanowires,
exactly, the Bi@Bi2O3 core/sheath system for which the
detailed formation mechanism is still unclear.25 Solution-
based deposition of thin oxide layers onto the surfaces of
soluble nanorods and subsequent etching of the cores result
in oxide nanotubes. Murphy, Caruso, and co-workers have
demonstrated that metal nanorods can serve as sacrificial
templates, yielding silica and titania nanotubes after selective
etching of the core rods.23a,b Sol–gel-processed TiO2 and
Al2O3 nanotubes were also reported via ZnO nanowire
templating. Ferroelectric nanotubes such as barium titanate
(BaTiO3) and lead zirconate titanate (PZT) were recently
demonstrated by depositing thin ferroelectric oxide layers
with pulsed laser deposition using Si and ZnO nanowires as
positive templates.36 Electrospun poly(L-lactide) fibers also

served as positive templates in order to produce TiO2

nanotubes.37

Combining the positive template strategy with ALD, the
formation of oxide nanotubes with controllable wall thickness
has recently been reported by many researchers. Positive
templates used were ZnO nanorods, self-assembled polysty-
rene-block-poly(4-vinylpyridine) block copolymer nanorods,
electrospun poly(vinyl alchol) fibers, and tris(8-hydrox-
yquinoline)gallium nanowires, and Al2O3 nanotubes were
prepared by ALD with trimethylaluminum and water as
source materials after chemical etching, thermal decomposi-
tion, or dissolution of the organic cores.29

In addition to the typical materials synthesis approaches,
nature provides a slow yet robust strategy in the formation
of oxide nanotubes. In nature, it is known that the specific
molecules induce to condensate biominerals on their sur-
faces.38 By adopting this principle, researchers produced
oxide nanotubes by condensation of the precursor species
on the surfaces of fibrils or tubules of biomolecules and their
subsequent burn-out. Lipid, surfactant, peptide, and virus
fibrils were typically used as templates, generating fine silica
nanotubes after calcination.27 Organogelators are also em-
ployed for the formation of helical nanotubular structures
by sol–gel condensation of titanium, tantalum, and vanadium
alkoxides.39 Recently, Ji et al. reported that tetraethoxysilane
(TEOS) molecules can be condensed on both the inner and
outer surfaces of peptidic lipid nanotubes, resulting in double-
wall silica nanotubes.40 Jung et al. also reported that double-
wall TiO2 nanotubes can be achieved by condensing Ti(O-
iPr)4 precursors onto both surfaces of the self-assembled
organogel tubes.41 Rare-earth oxide nanotubes were also
achieved by templating the self-assembly of dodecylsulfate
surfactant molecules.42

In positive templating, the inner diameters and the length
of the resulting oxide nanotubes are respectively decided by
the outer diameters and the length of the original 1-D
templates and the outer diameters are responsible for the
deposited wall layers. Although these approaches give us
relatively facile processes in the synthesis of oxide nanotubes
with controlled diameters, additional process steps are
required to obtain oxide nanotubes having uniform length
and open ends, for instance, reactive ion etching and
mechanical polishing for vertically arrayed samples.

2.2. Use of Negative Templates. 2.2.1. Solution-Based
Synthesis. Negative templating approaches using porous
membranes often offer excellent size uniformity in the
diameter and length of the formed oxide tubes on a
nanometer scale. In principle, deposition methods used in
positive templating can be applied to the negative template
processes. Lakshmi et al. formed sol–gel titania nanotubes
using AAO membranes as negative templates. In their
experiments, the formation of oxide walls on the surfaces
of inner pores was controlled by the exposure time of
titanium isopropoxide precursors.8a,b Michailowski et al. have
synthesized highly arrayed TiO2 nanotubes possessing a thin
wall layer using a thermal decomposition process with
Ti(OiPr)4.8i Fisher, Samulski, and others reported In2O3 and
Ga2O3 nanotubes as well as perovskite nanotubes of BaTiO3

and PbTiO3 by using a sol–gel protocol.8j,k In the solution-
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based processes, there unambiguously exists a trade-off
between the deposition of thin wall layers and the formation
of continuous films and it impedes precise control of the
formation of wall layers. The Martin group has employed
an ultrasound-assisted sol–gel process to improve the nan-
opore diffusivity of the TEOS precursors and, hence, the
uniformity of thin wall layers of silica nanotubes.8l Recently,
Kovtyukhova et al. have introduced a layer-by-layer method
based on the solution phase, called the “surface sol–gel
process”, for the formation of silica nanotubes in a controlled
manner.43

In addition to the monodispersity of oxide nanotubes, the
ability to produce a thin as well as controllable wall layer
of oxide nanotubes would allow for better applications using
their electrical and optical properties. For instance, the optical
properties of semiconductor oxide nanotubes could be sharply
changed in the range of a few nanometers in one direction
because of the quantum-size effect.44,45 Furthermore, their
electrical conductivity can be sensitively perturbed by
accumulation16 or depletion46 of electrical carriers when
additional molecules are absorbed onto the surfaces of the
thin oxide layers.

2.2.2. Vapor-Phase Synthesis. Considering the use of
negative templates combined with a gas-phase materials
deposition technique, most of the physical depositing tech-
niques are suffering from the direct line-of-sight to coat the
inner pores. They have usually shown poor conformal coating
ontohighaspect ratiosof thenegative templates.Metal-organic
CVD techniques were employed for fabricating copper oxide,
nickel oxide, and indium oxide nanotubes where AAO
membranes served as high-temperature-stable templates.47

The resultant nanotubes with a relatively short length
compared to the original templates used were obtained as a
result of incomplete conformal coating, but it would likely
be improved with appropriate deposition conditions. ALD,
a variant of CVD, is a recently developed deposition
technique of thin film materials in the semiconductor industry
using a self-terminating surface reaction, hence allowing
excellent conformal coatings, even on most of the negative
templates with a high aspect ratio. It relies on sequential
saturated surface reactions, which result in the formation of
a monolayer in each sequence. The successive self-terminat-
ing growth mechanism in ALD inherently eliminates reac-
tions in the gas phase. Elimination of gas-phase reactions
results in the greater relative importance of surface reactions.
Shin, Kim, and co-workers have shown negative templating
with the ALD technique in order to fabricate TiO2 and ZrO2

nanotubes with controllable dimensions with respect to the
diameter and length as well as their wall thickness.28a That
is, the outer diameter and length of the tubes are decided by
the original template used, and the wall thickness and inner
diameter are tailored simply by the number of deposition
cycles with subangstrom precision. Independently, Sander
et al. conducted ALD of TiO2 on the highly ordered AAO
as a template and obtained TiO2 nanotubes.28b Recently, this
strategy has been applied to the formation of ferromagnetic
nanotubes,48 nanostructured photocatalytic surfaces,49 physi-
cal confinements for nanowire growth,50 and DSSCs.18e

In a typical fabrication, porous membranes with the track-
etched or anodized cylindrical pores having either one or
both sides open can be used as templates. Both AAO and
PC membranes are commercially available, but homemade
AAO templates are often used for the purpose of obtaining
desired template dimensions (i.e., uniform sizes in length
and pore diameter) and enhanced surface morphology
compared to the track-etched pores.28 Once thin oxide layers
are deposited onto the porous template, mechanical polishing
or similar treatments for the removal of undesired layers
sitting on the membrane face(s) might be indispensable in
order to harvest free-standing oxide nanotubes upon removal
of the templates.28b

Use of PC Templates. Shin et al. have introduced octa-
decyltrichlorosilane (OTS)-self-assembled monolayers (SAMs)
by microcontact print (µCP)51 on the faces of a PC template
as a releasing layer and enhanced the collection yield of free-
standing oxide nanotubes upon dissolution of the template.28a

In the strict sense, such a treatment does not produce SAMs
on the polymeric template and is not resistant to materials
deposition. Oxide films deposited onto the OTS-treated
surfaces after a certain number of consecutive ALD coating
cycles are observed in electron micrographs before dissolu-
tion of the template. Although complete selective ALD
coating of oxides only onto the inner pores is not achieved
in all cases where PC membranes are used as templates, free-
standing cylindrical nanotubes can still be collected com-
pletely after dissolution of the templates without any
additional polishing step. We suspect that, in this case, OTS
molecules did not form SAMs and are rather physisorbed
on the PC surfaces, forming a shell layer consisting of OTS
molecules hydrolyzed and/or polymerized in ambient air.
Therefore, oxide films deposited on the organic layer can
be easily disintegrated during dissolution of the PC template
in chloroform. Accordingly, the surface treatment step with
OTS molecules makes it possible to fabricate free-standing
structures of oxide nanotubes without any further process.

Figure 2 shows the typical topology of several kinds of
oxide nanotubes prepared by ALD using the track-etched
membrane, i.e., PC, as a negative template. Brief procedures
for Al2O3 nanotubes are as follows: Anhydrous hexane
solutions containing 0.1 mM OTS were coated onto the
surface of the poly(dimethylsiloxane) (PDMS) stamp by spin-
coating at 2000 rpm for 30 s; the OTS molecules on the
PDMS stamps were transferred onto both surfaces of either
a PC membrane by a standard µCP procedure for about 15 s;
trimethylaluminum was used as a source of aluminum; water
vapor was used as an oxidant; argon was used as a carrier
gas and for purging; individual alumina nanotubes deposited
onto the PC membranes were released from the template by
dissolving it in chloroform. Free-standing, monodisperse
alumina nanotubes are clearly shown in the scanning electron
microscopy (SEM) image of Figure 2c. The SEM image of
Figure 2c shows hollow nanotubular structures with uniform
thickness, as confirmed by transmission electron microscopy
(TEM) results. The tube length of ∼7 µm corresponds to
the thickness of the original PC membranes, implying that a
highly uniform and conformal coating was successfully
achieved. The relatively rough surface morphology of the
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resulting tubes originated from the pore surfaces of the track-
etched PC membranes as shown in the inset. Bottleneck-
like variations in the nanotube diameter along the tube axis
also arose from the original templates that were created by
an effect on the surfactants in faster etching conditions.

Use of AAO Templates. In the case of the employment of
a porous alumina membrane as the template, smooth surfaces
as well as a uniform diameter in the axis of the resulting
oxide nanotubes could be obtained. The same approach was
applied to the AAO templates. Both sides of the alumina
membrane were treated with UV ozone to render them
hydrophilic. OTS molecules were then transferred onto both
sides of the surfaces of the template by µCPs and SAMs
formed on the surfaces. After contact printing, the surfaces
of the template were washed with chloroform to remove any
excess molecules physisorbed upon the OTS-SAMs, thus
exposing chemically inert methyl surfaces. During the ALD
process, OTS-SAM layers functioned as resistant layers to
materials deposition. Mechanical polishing or dry etching
could also possibly be applied to the removal of the undesired
oxide layers deposited on both faces of the template.

Figure 3 exhibits typical electron micrographs of TiO2

nanotubes that have been fabricated by ALD coating with
homemade AAO membranes as templates. Monodisperse

titania nanotubes with ∼60 nm diameter, ∼15 nm wall
thickness, and an aspect ratio of ∼150:1 are shown. The
overall structural quality of oxide nanotubes such as surface
morphology and diameter uniformity seems to be better than
that prepared with the PC template. Note that the nanotubes
were obtained after etching of the AAO template bundle-
up, as shown in the SEM of Figure 3. The formation of
bundles is common to the AAO-directed synthesis of oxide
nanotubes, as is generally described in the literature. The
pore size effect on the ALD coating, selective etching from
the oxide templates, and bundle formation will be discussed
later.

2.3. Use of Quasi-Templates. There are other notable
methods for making oxide nanotubes, which we here
categorize into quasi-templating methods. Anodization of
metal foils or films in an acidic solution under appropriate
experimental conditions leads to the formation of individual
tubular structures of metal oxides. An anodized Ti surface,
in particular, has been extensively investigated. Since the
first observation by Zwilling et al.,10a Schmuki, Grimes, and
co-workers have extensively exploited such a system and
made significant progress, even demonstrating titania nano-
tubes having smooth surface morphology and high aspect
ratio (several hundreds of micrometers in length) for potential
applications such as photovoltaics and sensors.10 Zirconium
oxide, TiO2-Nb2O5, and zirconium titanate nanotubes were
also recently demonstrated using such a method by the
Schmuki group.52 Individual alumina nanotubes were also
observed in anodized Al surfaces by Pu et al.53

Unprecedentedly, long nanotubes can be directly prepared
by cospinning of organometallic precursors and microfluids
of oil, in principle without maximum length limits. Xia and
Li have recently reported titania nanotubes that were
fabricated by coaxial electrospinning of a ethanolic mixture
of poly(vinylpyrrolidone) and Ti(OiPr)4 and heavy mineral
oil, followed by calcination.22 Larsen and his co-workers also
independently demonstrated zirconia nanotubes by using a
solution of zirconium acetate in acetic acid and olive oil as
cospinning agents.54

Nesper and co-workers reported that hydrolysis of vana-
dium oxide precursors and, in turn, hydrothermal treatments
in the presence of ligand molecules produce multiwall
vanadium oxide nanotubes, which consist of highly crystal-
line shell layers of vanadia separated by organic amine
layers.55 In a recent publication on the biomimetic miner-
alization process, Pouget et al. reported the formation of
double-wall silica nanotubes and proposed that they are
mineralized through the so-called dynamic templating process
rather than the preassembled supramolecules.56

3. Processing Issues of Membrane Templating

3.1. Coating of Nanopores. The fabrication of oxide
nanotubes using membrane templates offers superior control-
lability to all of their physical dimensions, i.e., wall thickness,
length, and diameter. To this end, the template-directed
process with porous membranes might be tempting and is
expected to be used as a general tool to prepare oxide
nanotubes.

Figure 2. Various functional oxide nanotubes prepared by the template-
directed ALD process with a PC membrane. (a) SEM of TiO2 nanotubes
produced in large quantity by the template synthesis. (b) TEM of ZrO2

nanotubes fabricated by the same method as that in part a. Adopted from
ref 28a with permission. Copyright 2004 Wiley InterScience. (c) SEM and
(d) TEM of well-dispersed Al2O3 nanotubes. The inset in part c shows the
morphology of as-deposited alumina nanotubes created by this method.

Figure 3. Typical electron micrographs of TiO2 nanotubes that have been
produced by the template-directed ALD process with AAO membrane. (a)
SEM and (b) TEM of TiO2 nanotubes with high aspect ratios and smooth
surfaces.
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Although solution-based deposition processes offer op-
portunities to be applicable to a variety of oxide materials
in the synthesis using porous membranes, they mostly involve
a difficult-to-control procedure with respect to wall thickness
in the formation of nanotubular structures. This is because
tubular structures of oxide materials are formed after
complete gelation of colloidal sols into the continuous films.
Otherwise oxide nanotubes with walls of discontinuous films
would be often made upon removal of the templates. The
surface sol–gel process allows the coating of dense and
continuous oxide layers, and thus improved production of
template-directed oxide nanotubes, but it involves a quite
slow process.43

In addition to the deposition of sol particles into nanopores,
the insertion of other materials such as magnetic colloids,
biomolecules, and light-harvesting species would make oxide
nanotubes useful. Controlled capillary insertion of materials
into nanoscale pores has been the focus because of funda-
mental interests as well as for practical applications. In an
early work, Ugarte et al. observed that molten silver nitrate
was filled into CNTs with inner pores as small as 4 nm by
capillary forces.57 In the oxide nanotube systems, English
and co-workers investigated the diffusion in hydrophobic
inner pores of template-synthesized silica nanotubes and
observed relatively slow diffusion.58 Fan et al. demonstrated
that silica nanotubes prepared by positive templating can be
employed as nanofluidic channels during single-DNA trans-
location.13

In gas-phase synthesis, there are some aspects of the
coating onto the inner pores with the nanometer scale to be
considered. George and co-workers reported that the expo-
sure time of reactant molecules during the ALD process was
of importance to conformal and complete coating inside
nanopores with a high aspect ratio.59 They also confirmed
the results by conducting a calculation considering the mean
free path of reactant molecules in the ALD system. Indeed,
in a typical ALD condition, the reactant molecules have a
mean free path of approximately micrometers.60 Such a
length scale is indicative that the mean free path is effective
when coating inside nanopores. The effect of highly curved
surfaces of nanopores is also unambiguously operating in
the formation of oxide nanotubes by ALD. Shin et al. have
reported that there is faster growth rate of TiO2 nanotubes
in pores of 50 nm diameter than in pores of 200 nm
diameter.28a Figure 4 is a graph of the growth rate versus

pore diameter that has been collected from a series of TiO2

nanotube samples. The growth rate of the wall thickness of
the TiO2 nanotubes was linear with a function of ALD cycles,
as plotted in the inset of Figure 4a. The growth rates were
0.6 and 0.5 Å per cycle for PC templates of 50 and 200 nm
diameters at 130 °C, respectively.

It is also noteworthy that the growth rates increase with a
decrease in the pore diameter of the templates. Lower
absorption of the precursors to the surfaces of the nanopores
than to the planar surfaces competes with the pressure
differences between the different pore sizes in the templates;
a smaller pore size shows a higher growth rate for the wall
of the tubes. This leads to the dependence of the growth
rate on the pore diameter. Exact mechanisms are not clearly
understood, but there would a few possible explanations.
George and co-workers reported that during low-temperature
ALD of Al2O3 water used as an oxidant remained condensed
on the surfaces.62 Condensed water facilitated by nanopores
would be a possible source for the faster growth of nanotubes.
Another explanation is the increased stress at highly curved
surfaces for the deposition of oxide nanotubes. Figure 4b
shows TEM results of a ZrO2 nanotube that has been
deposited by ALD with the PC template. TEM image exhibits
the tube wall with a thickness gradient ranging from 8 to 30
nm. Note that the diameter of a ZrO2 nanotube varies from
120 to 60 nm, indicative of the bottleneck shape of the
original PC template. In the same pore, different growth rates
also imply that stress is involved in the thin film deposition
at higher curvature. The crystal structure of as-deposited ZrO2

nanotubes also supports the effect of stress. The electron
diffraction pattern shows that the crystalline ZrO2 nanotubes
have a tetragonal polymorph. The presence of tetragonal
zirconia nanotubes without any stabilizers at room temper-
ature might be reasoned by increased stress at the curved
surfaces.

3.2. Selective Etching and Dispersion of Oxide
Nanotubes from the AAO Template. Inorganic oxide
nanotubes obtained from PC templates were mostly free-
standing, as shown earlier, because the PC template, com-
pared to AAO, can be rapidly dissolved by organic solvents.
In contrast, in the case of using AAO as templates, it is quite
difficult to obtain individual nanotubes. However, the use
of an AAO membrane as a template still offers several
advantages when employed in our strategy: AAO has a pore
density (∼1011 cm-2) more than 2 orders of magnitude
higher than that (∼109 cm-2) of PC, it can be applied at
higher temperatures, and nanotubes obtained from a porous
alumina template have smoother surface morphology than
those from a PC template. Accordingly, there is a trade-off
in choosing template materials. From the Pourbaix diagram
for alumina,63 we find that tube materials that can be applied
to this strategy are limited. Because alumina dissolves either
under ∼pH 4 or over ∼pH 9, we should either choose tube
materials that are stable under these conditions or use a
different pH value for alumina dissolution. Recently, Xiong
et al. investigated the structure of anodized alumina prepared
using a solution of oxalic acid and observed the presence of
aluminum oxalate by UV Raman spectroscopy.64 Their study

Figure 4. (a)Growth rate as a function of the nanopore diameter. Reproduced
from ref 28a with permission. Copyright 2004 Wiley InterScience. (b) TEM
image of a part of the ZrO2 nanotube. Inset: Typical electron diffraction
patterns of ZrO2 nanotubes recorded from part b, indicating a tetragonal
polymorph.
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implies that pure alumina nanotubes might be separated from
the porous alumina template with the template-directed ALD
methods.

In principle, free-standing, individual oxide nanotubes
can be obtained to be released from the porous alumina
template by dissolving the template selectively as well as
completely. However, we often find the bundle structures
consisting of oxide nanotubes in the literature as well as
our experiments. Figure 5a shows a representative TEM
image of a bundle of TiO2 nanotubes. Once suspended
aggregates of oxide nanotube bundles are formed, it is
impossible to in high yield separate nanotubes from each
other without damages even under ultrasonic irradiation.
We suspect that the assembly into the bundle of the
nanotubes was driven by strong lateral capillary forces65

between nanotubes having hydrophilic surfaces. Such an
assembly can occur during drying of residual solvents from
the surfaces of the nanotubes as well as during the
dissolution of alumina in an aqueous etching solution.
When alumina is dissolved, an interface between the
etching solution and the concentrate of the species
dissolved molecularly from alumina is instantly created
between the surfaces of oxide nanotubes, as depicted in
Figure 5b. As the area of the curved interfaces between
tubes decreases as a result of minimization of the
interfacial free energy of the interfaces between the etching
solution and the concentrate, the oxide nanotubes move
into contact with one another, producing bundles of
nanotubes. This fluid-fluid interface is strong enough to
yield an assembly of even centimeter-scale objects.66

Moreover, once the capillary-driven organization is formed,
it is irreversible, even under ultrasonic irradiation.67 The
formation of bundles seems to hinder the fabrication of
advanced nanodevices or systems that utilize the novel
nanotubular structure of oxides.

On the other hand, we also see well-dispersed 1-D
nanomaterials that have been prepared by the template-
directed strategy in the literature. We found that, in the case
of good dispersion of the templated nanomaterials, they
mostly have supporting films in their contact that have been
used during electrochemical deposition as electrodes. In that
case, although the bundles of nanomaterials were formed
after etching of the template, their roots in contact with the
supporting films are apart. These structures seem to improve
dispersion of the templated nanomaterials. We adopted this
strategy and obtained good dispersion results. Figure 5c
shows well-dispersed TiO2 nanotubes that have been attached
to Pt films of ∼200 nm deposited by sputtering. To
investigate the dispersion yields of oxide nanotubes, we
coated an aqueous solution containing TiO2 nanotubes on a
Si wafer and observed their dispersion on the wafer after
complete drying of the solvent. There were no bundles and
aggregates in an approximately square centimeter region to
date as shown in Figure 5c, implying the preparation of ideal
suspensions of oxide nanotubes.

4. Characterization

The application of oxide nanotubes is dependent upon their
fundamental chemistry and physics associated with electron

transport properties, optical properties, nanopore wetting, and
crystallinity. In this section, we discuss the physical proper-

Figure 5. (a) Typical TEM of bundles of titania nanotubes after etching of
the surrounding alumina templates. Inset: Schematic depiction for explaining
the mechanism of the bundle formation of the oxide nanotubes: A
fluid-fluid interface between the etchant and the dissolved concentrate is
instantly created; the liquid–liquid interface is wet at the hydrophilic oxide
surfaces of the nanotubes, forming a concave meniscus; the oxide nanotubes
move into contact to minimize the interfacial free energy; this interface
exists during the dissolution of alumina. (b) Typical TEM of well-dispersed,
individual titania nanotubes after etching of the template. The dispersion
was carried out under ultrasound irradiation for 3 min in pure water, with
the supporting Pt (200 nm) films on the nanotubes. (c) SEM of TiO2

nanotubes coated in a large area.
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ties of oxide nanotubes that have been prepared by the
template-directed processes.

4.1. Electrical Properties. Nanoarchitectured metal oxide
structures might exhibit the unusual transport properties of
electrical carriers compared to their bulk counterparts.
Unexpected conductance changes of a few orders of mag-
nitude have been reported in several nanocrystalline metal
oxides.68 Upon the emergence of applications such as gas
sensors, biosensors, hydrogen fuels, and DSSCs, the electron
transport properties of nanotubular structures of oxide
materials have received increasing attention and thus need
to be done. Grimes and co-workers reported a change of 104

in electrical conductance upon exposure of hydrogen at 290
°C to anodized TiO2 nanotube arrays and attributed this to
modulation of the space charge layers as a result of hydrogen
absorption on the surfaces of the nanotubes (Figure 7).16

Although the exact resistivity of the individual, anodized
TiO2 nanotubes is not known because of the formation of

the Schottky barrier, one could expect that they have a much
smaller value of resistivity compared to that of bulk titania.

Kim and others recently investigated the electron transport
properties of a single TiO2 nanotube by using a nanoma-
nipulator with a fully equipped focused ion beam. They
reported a resistivity on the order of 1 Ω cm,69 which was
extremely lower than that of stoichiometric bulk TiO2 (∼108

Ω cm).70 This result was responsible for the undesired factors
such as Ga ion beam damage and Pt contamination during
the experiments. Recently, our group has studied the electri-
cal characteristics of TiO2 nanotubes via high-voltage
measurements. The TiO2 nanotube arrays were fabricated
by the template-directed ALD, and stoichiometric TiO2

nanotubes were obtained without any contaminants. We
considered several important parameters such as the Schottky
barrier height71 and the contact security of the devices72 to
clarify the results. The resistivity values of individual TiO2

nanotubes ranged from 50 to 100 kΩ cm. This value is about
3 orders of magnitude less than the value reported in
nanoporous TiO2.73 The origin of a decrease of the resistivity
was more complex for the following competing reasons: quite
thin wall thickness, highly curved shape, extremely small
contact area between the tubes and electrodes, and surface
band bending by chemisorbed species on the surfaces of the
tubes. The details will be published elsewhere.

Probing electrochemical properties of oxide nanotubes is
also of importance for applications such as rechargeable
lithium batteries and hydrogen-fuel generation. For vanadia
nanotubes, their electrochemical properties have been well
tested as cathode materials for lithium ion batteries by
demonstrating the electrochemical charge/discharge cy-
cling.74 The typical capacity of the vanadia nanorolls ranged
from 150 to 250 mAh g-1. Recently, Sun et al. prepared the
defect-rich nanorolls of vanadia under less reducing condi-
tions and observed the increased capacity of 340 mAh g-1

and reproducible cyclic voltammograms, compared to crys-
talline V2O5.75

4.2. Optical Properties. Understanding the optical prop-
erties of oxide nanotubes could facilitates their sensory and
display applications but is still in its infancy, demonstrating
few studies in the literature. The observation of quantum
confinements in oxide nanotubes has been a topic since the
early synthesis of crystalline TiO2 nanotubes.8a,b Sander et
al. studied the optical properties of template-synthesized
titania nanotubes and observed the blue shifts of the optical
absorption edges with decreasing wall thickness.28b However,
the spectral shifts could be attributed to the direct transition
of electrons between interbands in this indirect band-gap
semiconductor. Indeed, quantum size effects are expected
in the size ranges of <1.5 nm for titania.76

Zhang et al. prepared a large number of silica nanotubes
by the sol–gel template method and observed the strong
photoluminescence from silica nanotubes in the visible region
(Figure 6).77 They have explained that the bright lumines-
cence might be caused by the Si-OH complex on the silica
nanotubes and the huge surface areas of both the inner and
outer surfaces of the tubular structures. Liao et al. fabricated
ZnO/ZnS nanotubes by sulfurating the surfaces of the
template-directed ALD ZnO nanotubes in a solution of Na2S.

Figure 6. Photoluminescence spectra taken from template-synthesized
sol–gel silica nanotubes. The wall thickness, average diameter, and length
were 3–7 and 30–50 nm and 100 µm, respectively. These blue and green
emissions were expected to be originated from the Si-OH complex on a
large number of surfaces of silica nanotubes. Reproduced with permission
from ref 77. Copyright 2002 American Institute of Physics.

Figure 7. Resistance changes of anodized TiO2 nanotube arrays under
different hydrogen concentrations at 290 °C. The inner pore diameter, wall
thickness, and length were 22, 13, and 200 nm, respectively. Reprinted
with permission from ref 16b. Copyright 2003 Wiley InterScience.
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They reported that the ZnO/ZnS core/sheath nanotubes
having enhanced photoluminescent intensity of ultraviolet
emission to deep-level emission is 9 times than that of the
original ZnO nanotubes.78

4.3. Structural Properties. Unfortunately, as-prepared
template-directed oxide nanotubes are mostly amorphous,
except for a few examples such as vanadia nanotubes
produced via rolling-up55 and epitaxial31c growth. They can
be transformed to polycrystalline phases by subsequent
annealing at higher temperatures. Studies on the crystalliza-
tion behavior of oxide nanotubes with a wall thickness of a
few nanometers, which are lacking in the literature, are of
importance scientifically as well as technologically. As for
most applications, crystallized forms of nanotubes are
required, for example, photovoltaic cells, catalysts, and
sensors. On the other hand, the nanosized tubes’ walls could
show an intriguing size effect of the nucleation and grain
growth during crystallization. Crystalline structures in nanow-
ires where the grain boundaries are mostly oriented perpen-
dicular or nearly perpendicular (called bamboo-like struc-
tures) show suppression of the grain growth because of their
highly stable grain structure.61 It could also be highly
interesting to observe the grain growth in such oxide
nanotubes.

5. Applications

5.1. Inorganic Drug-Delivery Agents. Colloidal particles
with hollow cores in their interior have the ability of loading
and releasing as well as transferring therapeutic agents and
would enhance the therapeutic efficacy. Organic hollow
particles such as colloidal-templated spheres, macroporous
capsules, micelles, liposomes, and dendrimers have been the
focus of this line of studies. Oxide nanotubes are another
class of nanocontainers that would allow greater capability
for this utility because of their biologically stable shell
surfaces. Oxide surfaces exhibit stability superior to that of
biological environments as a result of their slightly hydro-
philic surface nature. That is, in the blood, plasma proteins
called opsonins absorb onto the particles with hydrophobic
surfaces, so that the particles covered by opsonins are cleared
by the immune system; this is called the mononuclear
phagocyte system or the reticuloendothelial system.79 The
other benefit of this oxide hollow system is that its hydroxyl
surfaces are easy to tailor by a simple surface chemistry with
a number of silane derivatives, indicating that specific
biomolecules for the host–guest reactions as well as hydro-
phobic drugs for cancer therapy can be loaded into the
interiors. In addition, multifunctional carriers should be
realized by loading and/or coating the inside of oxide
nanotubes with superparamagnetic nanoparticles (NPs) and/
or fluorescent molecules.

Silica nanotubes are the most ideal candidate because they
have the above advantages as well as a brittle shell, which
may facilitate controlled release of the loaded species, for
example, by the external stimulus such as ultrasound
irradiation. The templated sol–gel silica nanotubes have been
extensively studied by Martin and others. Mitchell et al.
demonstrated that the inner and/or outer surfaces of silica

nanotubes can be selectively functionalized to be hydropho-
bic and/or hydrophilic properties with dansylamide and
octadecylsilanes.80 Hillebrenner and co-workers showed that,
by functionalization of the inside pores of silica nanotubes
with aminosilane, aldehyde-functionalized polystyrene col-
loids can be selectively corked to the individual silica
nanotubes by chemical self-assembly.81

Chen et al. showed that template-synthesized sol–gel silica
nanotubes can deliver plasmid DNA into monkey kidney
COS-7 cells.82 They modified the inner surfaces of silica
nanotubes with 3-(aminopropyl)trimethoxysilane in order to
render positive charges and improve DNA loading. The DNA
transfection to the COS-7 cells was monitored by the
incorporation of CdSe/ZnS core/shell quantum dots into silica
nanotubes. The transfection efficiency was reported to be
10–20%.

The toxicology of engineered nanomaterials for biomedical
applications on the immune system is a recently emerging
area and has been much less studied. A recent review paper
deals with this topic, regarding the size, surface charge, and
hydrophobicity of various kinds of nanomaterials.83 For oxide
systems, mesoporous silica spheres and crystalline TiO2 have
been tested for biomedical usage.84 Although silica itself as
a delivery agent has been proven in commerce, the shape
effects of the nanotubes, e.g., high aspect ratio, on im-
munological impacts remain unknown.

5.2. Dye-Sensitized Solar Cells (DSSCs). Titania NPs
have served as electron-harvesting and -transporting materials
in conventional DSSCs, also known as the Grätzel cell.85

TiO2 NP films have large specific surface areas with a
roughness factor of ∼103. Grätzel and co-workers reported
about 11% photoconversion efficiency of TiO2 NP DSSCs.
The factors that limit the DSSC performance is gained by
theoretical cell efficiency. The photoconversion efficiency
η of a solar cell is given by η ) (FF|JSC|VOC)/Pin, where FF
is the fill factor, |JSC| is the absolute value of the short-circuit
current, VOC is the open-circuit voltage, and Pin is the
incident-light power density. The open-circuit voltage is
determined by band gaps of the materials. The fill factor is
determined by contact resistance. The short-circuit current
is determined by the resistance of the materials and the
amount of absorbed dye molecules. To increase the photo-
conversion efficiency of the DSSCs, the surface areas and
conductivity of the materials should be enhanced. However,
the randomly connected TiO2 networks in NP DSSCs limit
the efficient diffusion of the collected electrons to the outer
electrodes.

Yang and co-workers made the ZnO nanowire DSSCs in
which the traditional NP films were replaced by vertical
arrays of crystalline ZnO nanowires.86 The aspect ratio of
the ZnO nanowires was ∼120:1, and the longest nanowire
arrays were 20-25 µm long. ZnO nanowire arrays were used
as direct pathways for electrons and exhibited faster collec-
tion characteristics of charge carriers than NP networks
through the device. However, the relatively low surface area
associated with the roughness factor resulted in the small
photoconversion efficiency of ∼1.5% under Air Mass (AM)
1.5 Global solar conditions.
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Oxide nanotube based DSSCs were recently proposed.18

The dense arrays of nanotubes reach a roughness factor of
∼103 or exceed the number in accordance with the length
of the arrays. With TiO2 nanotube DSSCs prepared using
electrochemical anodization, a power conversion efficiency
of about 3.2% was achieved by the Frank group.18d Very
recently, Hupp and co-workers employed ZnO nanotubes as
photoanodes in DSSCs. The ZnO nanotube arrays were
fabricated on a 60-µm-thick membrane with 200 nm pores
(Anodisc, Whatman) by the ALD technique. The power
conversion efficiency was reported to be ∼1.6% under
standard solar conditions.

Independently, we have recently prepared high-efficiency
DSSCs based on the TiO2 nanotube arrays. The TiO2

nanotube arrays with crystalline anatase polymorphs were
successfully formed by the template-directed ALD process.
The physical dimensions of individual TiO2 nanotubes were
2-20 nm wall thickness, 50-80 nm diameter, and 10-70
µm length. The density of the TiO2 nanotube was ∼1010

#/cm2, and the roughness factor was greater than 103. The
enhanced power conversion efficiency could originate from
the unique surface properties of our TiO2 nanotubes, and
the detailed scenario will be reported elsewhere.

5.3. Other Applications. The relatively large specific
surface area, high aspect ratio structure, and transparent
property of oxide nanotubes enable applications based on
electrical and optical sensing. In addition to the above
hydrogen sensor by the Grimes group, Chen et al. demon-
strated that template-directed R-Fe2O3 nanotubes can be
applied to gas sensors and lithium ion batteries.87 Wang et
al. prepared silica nanotubes by coaxial electrospinning and
demonstrated that nanoscale channels (∼20 nm) of silica
nanotubes can serve as nanofluidic channels for single
molecular detection.88 Park et al. reported that anodized
TiO2-xCx nanotubes have shown more efficiency for photo-
catalytic water splitting than stoichiometric TiO2 nanotubes
and commercial TiO2 NPs.15 Kemell et al. studied the
photocatalytic activity of TiO2 nanotubes that have been
fabricated by the template-directed ALD process and con-
firmed that the exposed surface area was essential to the
photocatalytic performance.49

6. Concluding Remarks and Future Directions

In this review, we summarized the template-directed
synthesis strategy for preparing oxide nanotubes, regarding
template types. Positive and negative templating and quasi-
templating processes provided unique structural character-
istics of oxide nanotubes. Monodisperse samples of a
wealth of oxide nanotubes possessing controllable wall
thickness, diameter, and length could be obtained by
combining porous membrane templates with ALD. Such
a process might be expected as an ideal tool in the
synthesis of oxide nanotubes, and its processing issues
were discussed in terms of nanopore coating, selective
etching, and dispersion. The fundamental chemical and
physical properties of the template-synthesized oxide
nanotubes were also summarized. We also discussed the
potential for applications in drug-delivery systems, solar
energy conversion devices, sensors, and photocatalysts.

As reviewed, there are relatively fewer publications on
the studies of characterization and applications than those
on the synthesis processes. Therefore, there would be many
research opportunities that utilize those nanotubular structures
of inorganic oxide. Characterization of the structural, electri-
cal, and optical properties of individual and/or array oxide
nanotubes has to be done for their unique applications. Wide
ranges of potential applications need to be demonstrated from
catalysts to electronic nanodevices because the template-
directed methods can produce large quantities of oxide
nanotubes. The ability to tailor the inner diameter of
templated oxide nanotubes by controlling the wall thickness
might also allow one to control the synthesis of a large
number of nanowires with precisely tailored diameters in
the sub-tens of nanometers length scale. For example, Bao
et al. produced diameter-reduced Ni nanowires using a AAO
membrane coated with sol–gel zirconia thin layers as the
template and observed enhanced coercivity of this magnetic
nanowire over that of the bulk Ni.8g Tan et al. recently
achieved Au nanowires with controlled diameters in a certain
range using the AAO template with ALD-coated silica films
inside the pores.50 In the near future, the template-directed
technique will provide well-engineered oxide nanotubular-
structured materials in large quantities as well as manufactur-
ing tools for 1-D nanomaterials.
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