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Abstract

This review introduces and summarizes the fundamentals and various technical approaches developed for the template-based synthesis of
nanorod, nanowire and nanotube arrays. After a brief introduction to various concepts for the growth of nanorods, nanowires and nanobelts,
attention will be focused mainly on the most widely used and well established techniques for the template-based growth of nanorod arrays:
electrochemical deposition, electrophoretic deposition, filling of templates by capillary force and centrifugation, and chemical conversion. In each
section, relevant fundamentals will be first introduced, followed with examples to illustrate the specific details of each technique.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesis, characterization and application of nanowires,
nanorods, nanotubes, and nanobelts (also often referred to as
one-dimensional nanostructure) comprise a significant aspect of
today's endeavor in nanotechnology. Many techniques have
been developed along with a significantly enhanced fundamen-
tal understanding [1–5], though the field is involving rapidly
with new synthesis methods and new nanowires or nanorods
reported in literature. For the growth of nanowires and nano-
rods, evaporation–condensation growth has been successfully
demonstrated for the synthesis of various oxide nanowires and
nanorods. Similarly, dissolution–condensation method has been
widely used for the synthesis of various metallic nanowires
from solutions. Vapor–liquid–solid (VLS) growth method is a
very versatile approach; various elementary and compound
semiconductor nanowires have been synthesized by this method
[6]. Template-based growth of nanowires or nanorods is an even
more versatile method for various materials. Substrate ledge or
step induced growth of nanowires or nanorods has also been
under intensive investigation [7]. Except the VLS and template-
based growth, most of the above mentioned methods result in
randomly oriented nanowires or nanorods (commonly in the
form of powder). As explicitly indicated in its name, VLS is a
vapor deposition method with the assistance of catalyst [8,9].
VLS method offers the possibility to grow well oriented nano-
rods or nanowires directly attached to the substrates, and thus is
often advantageous for subsequent characterization and appli-
cations; however, special catalysts are required to form a liquid
capsule at the advancing surface during growth at elevated
temperatures. In addition, the possible incorporation of catalyst
into nanowires and the difficulty to remove such capsules from
the tip of nanowires or nanorods are two setbacks. Template-
based growth is commonly a solution or colloidal dispersion
based process. It is less expensive and readily scalable to mass
production. The diameter, density and length of nanorods and
nanowires are easily controlled independently. It also offers
the advantages of less contamination and is environmentally
benign. However, template-based synthesis suffers from the
polycrystalline nature of the resultant nanowires and nanorods,
in addition to the difficulties to find appropriate templates with
pore channels of desired diameter, length and surface chemistry
and to remove the template completely without compromising
the integrity of grown nanowires or nanorods. This review will
focus mainly on the template-based synthesis of nanorod and
nanowire arrays; however, template assisted synthesis of
nanotube arrays is also discussed. It should also be noted that
the terms of nanorod and nanowire are used interchangeably
without special distinction in this review, as commonly seen in
open literature.

In comparison with nanostructured materials in other forms,
nanorod arrays offer several advantages for property study and
practical applications. A significant progress has been made in
the study on the physical properties of individual nanowires
and nanorods by direct measuring the properties of individual
nanostructures. However, such studies generally require dedi-
cated preparation of experimental set-up and execution of

measurements. For example, for the electrical conductivity
measurement, patterned electrodes on a substrate are first
created and, then, nanowires or nanorods are dispersed in an
appropriate solvent or solution. Such prepared nanowire colloi-
dal dispersion casts on the substrate with pattern electrodes.
Measurements would be carried out after identifying individual
nanowires or nanorods bridging two electrodes. There is very
limited option for manipulation of nanowires or nanorods, and
it is difficult to improve the contact between the sample and
the electrodes to ensure a desired ohmic contact. For practical
applications, the output or signals generated by single nanowire
or nanorod based devices is small, signal to noise ratio is small,
and thus highly sensitive instrumentation is required to accom-
modate such devices.

2. Template-based approach

The template approach has been extensively investigated in
the synthesis of various nanostructures. For example, mesopor-
ous oxides with well defined and ordered porous structure can
be readily synthesized using surfactant or copolymer micelles as
templates through sol–gel processing [10,11]. Another recent
example is Au nanoparticle templated synthesis of poly(N-
isopropoylacrylamide) nanogels [12]. However, template-based
synthesis is most commonly and widely used to prepare free-
standing, non-oriented and oriented nanowires or nanorods or
nanotubes; the latter is also referred to as nanorod or nanowire
or nanotube arrays. The most commonly used and commercially
available templates are anodized alumina membrane (AAM)
[13] and radiation track-etched polycarbonate (PC) membranes
[14].Other membranes have also been used, such as nanochan-
nel array on glass [15], radiation track-etched mica [16],
mesoporous materials [17], porous silicon by electrochemical
etching of silicon wafer [18], zeolites [19] and carbon nanotubes
[20,21]. Bio-templates are also explored for the growth of
nanowires [22] and nanotubes [23], such as Cu [24], Ni [22], Co
[22], and Au [25] nanowires. The commonly used alumina
membranes with uniform and parallel pores are made by anodic
oxidation of aluminum sheet in solutions of sulfuric, oxalic, or
phosphoric acids [13,26]. The pores can be arranged in a regular
hexagonal array, and densities as high as 1011 pores/cm2 can be
achieved [27]. Pore size ranging from 10 nm to 100 μm can be
made [27,28]. PC membranes are made by bombarding a
nonporous polycarbonate sheet, typically 6 to 20 μm in thick-
ness, with nuclear fission fragments to create damage tracks,
and then chemically etching these tracks into pores [14]. In
these radiation track etched membranes, pores have a uniform
size as small as 10 nm, but they are randomly distributed. Pore
densities can be as high as 109 pores/cm2.

In addition to the desired pore or channel size, morphology,
size distribution and density of pores, template materials must
meet certain requirements. First, the template materials must be
compatible with the processing conditions. For example, an
electrical insulator is required for a template to be used in
electrochemical deposition. Except for the template-directed
synthesis, template materials should be chemically and
thermally inert during the synthesis and following processing
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steps. Secondly, depositing materials or solution must wet the
internal pore walls. Thirdly, for the synthesis of nanorods or
nanowires, the deposition should start from the bottom or one

end of the template channels and proceed from one side to
another. However, for the growth of nanotubules, the deposition
should start from the pore wall and proceed inwardly. Inward

Fig. 1. Representation of (a) reduction and (b) oxidation process of a species A in solution. The molecular orbitals (MO) of species A shown are the highest occupied
MO and the lowest vacant MO. As shown, these correspond in an approximate way to the E0's of the A/A− and A+/A couples, respectively. [A.J. Bard and L.R.
Faulkner, Electrochemical Methods, John Wiley & Sons, New York, 1980].

Fig. 2. Common experimental set-up for the template-based growth of nanowires using electrochemical deposition. (a) Schematic illustration of electrode arrangement
for deposition of nanowires. (b) Current–time curve for electrodeposition of Ni into a polycarbonate membrane with 60 nm diameter pores at −1.0 V. Insets depict the
different stages of the electrodeposition. [T.M. Whitney, J.S. Jiang, P.C. Searson, and C.L. Chien, Science 261 (1993) 1316].
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growth may result in the pore blockage, so that should be
avoided in the growth of “solid” nanorods or nanowires.
Kinetically, enough surface relaxation permits maximal packing
density, so a diffusion-limited process is preferred. Other con-
siderations include the easiness of release of nanowires or
nanorods from the templates and of handling during the
experiments.

AAM and PC membranes are most commonly used for the
synthesis of nanorod or nanowire arrays. Both templates are
very convenient to use during the growth of nanorods by
various growth mechanisms, but each type of template also
offers a few disadvantages. The advantage of using PC as the
template is its easy handling and easy removal by means of
pyrolysis at elevated temperatures, but the flexibility of PC is
more prone to distortion during the heating process, and the
removal of the template would occur before complete den-
sification of the nanorods. These factors would result in broken
and deformed nanorods. The advantage of using AAM as the
template is its rigidity and resistance to high temperatures,
allowing for the nanorods to densify completely before
removal. This would result in a larger surface area of fairly
free-standing and unidirectionally-aligned nanorod arrays. The
problem with AAM is the complete removal of the template
after nanorod growth, which has so far been unsuccessful using
wet-chemical etching.

3. Electrochemical deposition

Electrochemical deposition, also known as electrodeposi-
tion, involves oriented diffusion of charged reactive species
through a solution when an external electric field is applied, and
reduction of the charged growth species at the growth or
deposition surface which also serves as an electrode. In industry,
electrochemical deposition is widely used in making metallic
coatings in a process known as electroplating [29]. In general,
this method is only applicable to electrical conductive materials
such as metals, alloys, semiconductors, and electrically con-
ductive polymers and oxides. After the initial deposition, the
electrode is separated from the depositing solution by the
deposit and the electrical current must go through the deposit to
allow the deposition process to continue. When deposition is
confined inside the pores of template membranes, nanocompo-
sites are produced. If the template membrane is removed,
nanorod or nanowire arrays are prepared. However, when the
deposition occurs along the wall surface of the pore channels,
nanotubes would form.

When a solid immerses in a polar solvent or an electrolyte
solution, surface charge will develop. The electrode potential is
described by the Nernst equation:

E ¼ E0 þ RT
niF

ln aið Þ ð1Þ

where E0 is the standard electrode potential, or the potential
difference between the electrode and the solution, when the
activity, ai of the ions is unity, F, the Faraday's constant, R, the
gas constant, and T, temperature. When the electrode potential
is more negative (higher) than the energy level of vacant

molecular orbital in the electrolyte solution, electrons will
transfer from the electrode to the solution, accompanied by
electrolyte reduction as shown in Fig. 1a. [30] If the electrode
potential is more positive (lower) than the energy level of the
occupied molecular orbital, the electrons will transfer from the
electrolyte solution to the electrode, accompanied by electrolyte
oxidation, as illustrated in Fig. 1b. [30] The reactions stop when
the equilibrium is achieved.

Fig. 3. SEM micrographs of (a) Au nanorod arrays grown in PC membranes
covering a large area with uniform size and density, (b) Au nanotubes, ascribed
to possible growth propagating along the surface of pore channels, and (c) Au
nanorods, attributing to uniform growth from the bottom of pore channels
attached to the electrode. [H.W.Wang, B. Russo, and G.Z. Cao, Nanotechnology
17 (2006) 2689].
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When an external electric field is applied between two
dissimilar electrodes, charged species flow from one to another
electrode, and electrochemical reactions occur at both electro-
des. This process is called electrolysis, which converts electrical
energy to chemical potential. The system used for the elec-
trolysis process is called electrolytic cell. In such a system the
electrode connected to the positive side of the power supply is
an anode, at which an oxidation reaction takes place, whereas
the electrode connected to the negative side of the power supply
is a cathode, at which a reduction reaction proceeds, accom-
panied by deposition. Therefore, electrolytic deposition is also
called cathode deposition, but most commonly referred to as
electrochemical deposition or electrodeposition.

The growth of nanowires of conductive materials in an
electric field is a self-propagating process [31]. Once the small
rods form, the electric field and the density of current lines
between the tips of nanowires and the opposing electrode are
greater than that between two electrodes due to a shorter dis-
tance. The growth species keep on depositing onto the tip of
nanowires, resulting in continued growth. To better control the
morphology and size, templates with desired channels are used
to guide growth of nanowires. Fig. 2 illustrates the common set-
up for the template-based growth of nanowires [32]. The
template is attached onto the cathode, which is brought into
contact with the deposition solution. The anode is placed in the
deposition solution, parallel to the cathode. When an electric
field is applied, cations diffuse through the channels toward and
deposit on the cathode, resulting in the growth of nanowires
inside the template. This figure also schematically shows the
current density at different deposition stages when a constant
electric field is applied. The current does not change signifi-
cantly until the pores are completely filled, at which point the
current increases rapidly due to the improved contact with the
electrolyte solution. The current saturates once the template
surface is completely covered.

3.1. Metals

A variety of metal nanowires, including Ni, Co, Cu and Au
with nominal pore diameters between 10 and 200 nm have been
synthesized by electrodeposition. For example, Possin [16]
prepared various metallic nanowires using radiation track-

etched mica. Likewise, Williams and Giordano [33] produced
silver nanowires with diameters below 10 nm. Whitney et al.
[32] fabricated the arrays of nickel and cobalt nanowires, also
using PC templates. The growth of Au nanorod arrays have also
been well studied [34,35]. Fig. 3 shows SEM micrographs of
Au nanorod or nanowire arrays grown in templates by
electrochemical deposition; both nanorod and nanotube arrays
can be readily grown by varying the growth conditions, either to
promote preferable growth along the surface of pore channels
resulting in the formation of nanotube arrays, or to have
deposition at the bottom of the pore channels attached to the
electrode leading to the growth of nanorod arrays [36]. Single
crystal bismuth nanowires have been grown in AAM using
pulsed electrodeposition and Fig. 4 shows SEM and TEM
images of the bismuth nanowires [36]. Single crystal copper and
lead nanowires were prepared by DC electrodeposition and
pulse electrodeposition, respectively [37,38]. The growth of
single crystal lead nanowires required a greater departure from
equilibrium conditions (greater over-potential) as compared
with the conditions required for polycrystalline ones.

Hollow metal tubules can also be prepared [39,40]. In this
case the pore walls of the template are chemically modified by
anchoring organic silane molecules so that the metal will pre-
ferentially deposit onto the pore walls instead of the bottom
electrode. For example, the pore surface of an anodic alumina
template were first covered with cyanosilanes, subsequent
electrochemical deposition resulted in the growth of gold
tubules [41]. Surface modifying polymers can be directly added
into the electrodeposition solution. For example, by adding a
small amount of an amphiphilic triblock copolymer, pluronic
P123 (EO20PO70EO20, EO: ethylene oxide and PO: propylene
oxide) in Ni electrodeposition solution, highly ordered arrays of
Ni nanotube arrays were grown by electrodeposition [42]. The
wall thickness of the nanotubes is uniform and can be controlled
by the current density and the deposition time. Fig. 5 shows the
TEM and SEM images of such grown Ni nanotube arrays after
removal of anodic alumina membrane.

An electroless electrolysis process has also been investigated
for the growth of nanowires and nanorods [21,40,43]. Electro-
less deposition is actually a chemical deposition process and
involves the use of a chemical agent to coat a material onto
the template surface [44]. The significant difference between

Fig. 4. SEM images of Bi nanowire arrays: (a) top view, (b) tilt view. (c) TEM image of a typical Bi single nanowire. (d) HRTEM image of a typical Bi single nanowire.
The inset is the corresponding ED pattern. [C.G. Jin, G.W. Jiang, W.F. Liu, W.L. Cai, L.Z. Yao, Z. Yao and X.G. Li, J. Mater. Chem. 13 (2003) 1743].
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electrochemical deposition and electroless deposition is that in
the former, the deposition begins at the bottom electrode and the
deposited materials must be electrically conductive. The
electroless method does not require the deposited materials to
be electrically conductive, and the deposition starts from the
pore wall and proceeds inwardly. Therefore, in general, electro-
chemical deposition results in the formation of “solid” nanorods
or nanowires of conductive materials, whereas the electroless
deposition often grows hollow fibrils or nanotubules. For
electrochemical deposition, the length of nanowires or nanorods
can be controlled by the deposition time, whereas in electroless
deposition the length of the nanotubules is solely dependent on
the length of the deposition channels or pores. Variation of
deposition time would result in a different wall thickness of
nanotubules. An increase in deposition time leads to a thick
wall, but sometimes the hollow tubule morphology persists
even after a prolonged deposition.

Although many research groups have reported growth of
uniformly sized nanorods and nanowires on PC template
membranes, Schönenberger et al. [45] reported that the channels
of carbonate membranes were not always uniform in diameter.
They grew Ni, Co, Cu, and Au nanowires using polycarbonate
membranes with nominal pore diameters between 10 and
200 nm by an electrolysis method. From both potentiostatic

study of the growth process and SEM analysis of nanowire
morphology, they concluded that the pores are in general not
cylindrical with a constant cross-section, but are rather cigar-
like. For the pores with a nominal diameter of 80 nm, the middle
section of the pores is wider by up to a factor of 3. More recent
work also found that the channels in PC membranes are not
always parallel, instead there are a lot of cross-linked channels
(as shown in Fig. 3a) [36].

3.2. Semiconductors

Semiconductor nanowire and nanorod arrays, were synthe-
sized using AAM templates, such as CdSe and CdTe [46].
Nanowire arrays of bismuth telluride (Bi2Te3) can be used as a
good example to illustrate the synthesis of compound nanowire
arrays by electrochemical deposition. Bi2Te3 is of special
interest as thermoelectric material and Bi2Te3 nanowire arrays
are believed to offer higher figure of merit for thermal-electrical
energy conversion [47,48]. Both polycrystalline and single
crystal Bi2Te3 nanowire arrays have been grown by electro-
chemical deposition inside anodic alumina membranes [49,50].
Sander and co-workers [50] fabricated Bi2Te3 nanowire arrays
with diameters as small as ∼25 nm from a solution of 0.075 M
Bi and 0.1 M Te in 1 M HNO3 by electrochemical deposition at

Fig. 5. a) TEM image and b) selected-area electron diffraction pattern of a Ni nanotube after completely removing the alumina template membrane. c) Top-view and
d) side-view scanning electron microscopy images of an ordered-array of Ni nanotubes after partial removal of the alumina template membrane. The experimental
parameters consisted of a current density of 0.13 mAcm−2, a concentration of P123 of 37 g L−1, and a deposition time of 48 h. [F.F. Tao, M.Y. Guan, Y. Jiang, J.M. Zhu,
Z. Xu, and Z.L. Xue, Adv. Mater. 18 (2006) 2161].
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−0.46 V vs Hg/Hg2SO4 reference electrode. The resultant
Bi2Te3 nanowire arrays are polycrystalline in nature, and
subsequent melting–recrystallization failed to produce single
crystal Bi2Te3 nanowires. More recently, single crystal Bi2Te3
nanowire arrays have been grown from a solution consisted of
0.035 M Bi(NO3)3·5H2O and 0.05 M HTeO2

+; the latter was
prepared by dissolving Te powder in 5 M HNO3 by
electrochemical deposition. Figs. 6 and 7 are the SEM image
along with the XRD spectrum showing the cross-section of
Bi2Te3 nanowire arrays and their crystal orientation. High
resolution TEM and electron diffraction, together with XRD
revealed that [110] is the preferred growth direction of Bi2Te3
nanowires. Single crystal nanowire or nanorod arrays can also
be made through a careful control of the initial deposition [51].
Similarly, large area Sb2Te3 nanowire arrays have also been
successfully grown by template-based electrochemical deposi-
tion, but the grown nanowires are polycrystalline and show no
clear preferred growth direction [52].

Ultrasonication-assisted template-based electrodeposition
has been demonstrated to be an effective approach for the
synthesis of single crystalline nanorod arrays. For example,

single crystalline p-type semiconductor copper sulfide nanorod
arrays with diameter in the range of 50–200 nm and stoichio-
metric composition (Cu:S=1:1) were synthesized through this
method [53]. The electrolyte used was prepared by dissolving
Na2S2O3 (400 mM) and CuSO4 (60 mM) in DI H2O. Tartaric
acid (75 mM) was used to maintain pH of the solution below
2.5. Liquid metal GaIn was used as the working electrode and a
Pt spiral rod as a counter electrode. The electrodeposition of
CuS was carried out at a constant electric potential and the
entire electrochemical deposition cell was immersed in an
ultrasonicator containing water. Fig. 8 shows the experimental
results of the effects of ultrasonication on electrodeposition of
CuS inside PC membranes. Fig. 8a compared the growth rates
of electrodeposition under ultrasonication, stirring and regular
(static) and revealed that ultrasonication significantly enhanced
deposition process. Ultrasonication has also seen to result in an
appreciable increase of the electrolyte temperature as shown in
Fig. 8b. Fig. 8c revealed the current change when ultrasonica-
tion was switched on and off. A significantly high current
indicates the lowered mass transfer resistance in the electrolyte
solution [54].

Fig. 6. SEM photographs of AAM template and Bi2Te3 nanowire arrays. (a) A typical SEM photograph of AAM. (b) Surface view of Bi2Te3 nanowire arrays (eroding
time: 5 min). (c) Surface view of Bi2Te3 nanowire arrays (eroding time: 15 min). (d) Cross-sectional view of Bi2Te3 nanowire arrays (eroding time: 15 min). [C. Lin,
X. Xiang, C. Jia, W. Liu, W. Cai, L. Yao, and X. Li, J. Phys. Chem. B108 (2004) 1844].
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3.3. Conductive polymers

Electrochemical deposition has also been explored for the
synthesis of conductive polymer nanowire and nanorod arrays
[55]. Conductive polymers have great potential for plastic
electronics and sensor applications [56,57]. For example,
Schönenberger et al. [46] have made conductive polypyrrole
nanowires in PC membranes. Nanotubes are commonly
observed for polymer materials as shown in Fig. 9 [58] in
contrast to “solid” metal nanorods or nanowires. It seems that
deposition or solidification of polymers insides template pores
starts at the surface and proceeds inwardly. Martin [59] pro-
posed to explain this phenomenon by the electrostatic attraction
between the growing polycationic polymer and anionic sites
along the pore walls of the polycarbonate membrane. In
addition, although the monomers are soluble, the polymerized
form is insoluble. Hence, there is a solvophobic component,
leading to the deposition at the surface of the pores [60,61]. In

the final stage, the diffusion of monomers through the inner
pores becomes retarded and monomers inside the pores are
quickly depleted. The deposition of polymer inside the inner
pores stops.

Liang et al. [62] reported a direct electrochemical synthesis
of oriented nanowires of polyaniline (PANI), a conducting
polymer with its backbone conjugated by phenyl and amine
groups, from solutions using no templates. The experimental
design is on such basis that, in theory, the rate of electro-
polymerization (or nanowire growth) is related to the current
density. Therefore, it is possible to control the nucleation and
the polymerization rate by adjusting the current density. The
synthesis involves electropolymerization of aniline (C6H5NH2)
and in-situ electrodeposition, resulting in nanowire growth.

3.4. Oxides

Similar to metals, semiconductors, and conductive polymers,
some oxide nanorod arrays can be directly grown from solutions
by electrochemical deposition. For example, V2O5 nanorod
arrays have been grown on ITO substrate from VOSO4 aqueous
solution with VO++ as a growth species [63]. At the interface
between the electrode (and subsequent growth surface) and
electrolyte solution, the ionic cluster, VO+, is oxidized and solid
V2O5 is deposited through the following reaction.

2VOþþ þ 3H2O→V2O5 þ 6Hþ þ 2e− ð2Þ
A reduction reaction takes place at the counter electrode:

2Hþ þ 2e−→H2ðgÞ ð3Þ
It is obvious that pH and the concentration of VO++ clusters

in the vicinity of the growth surface shift away from that in the
bulk solution; both pH and VO++ concentration decrease.

Hydrous RuO2 nanotube arrays were synthesized by means
of template-assisted anodic deposition from an aqueous solution
of 10 mM RuCl3 and 0.1 M CH3COONa [64]. Crystalline RuO2

nanotube arrays were readily obtained by annealing at elevated
temperatures. ZnO nanowire arrays were fabricated by one-step
electrochemical deposition technique based on ordered nano-
porous alumina membrane [65]. ZnO nanowire array is uni-
formly assembled into the nanochannels of anodic alumina
membranes and consists of single crystal particles.

4. Electrophoretic deposition

The electrophoretic deposition technique has been widely
explored, particularly for deposition of ceramic and organo-
ceramic materials on cathode from colloidal dispersions [66–
68]. Electrophoretic deposition differs from electrochemical
deposition in several aspects. First, the deposit by electropho-
retic deposition method needs not to be electrically conductive.
Secondly, nanosized particles in colloidal dispersions are typi-
cally stabilized by electrostatic or electrosteric mechanisms.
As discussed in the previous section, when dispersed in a
polar solvent or an electrolyte solution, the surface of nano-
particles develops an electrical charge via one or more of the

Fig. 7. TEM images and XRD pattern of a single Bi2Te3 nanowire. (a) TEM image
and (b) HRTEM image of the same nanowire. The inset is the corresponding ED
pattern. (c) XRD pattern of Bi2Te3 nanowire arrays (electrodeposition time: 5min).
[C. Lin, X. Xiang, C. Jia, W. Liu, W. Cai, L. Yao, and X. Li, J. Phys. Chem. B108
(2004) 1844].
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following mechanisms: (1) preferential dissolution, (2) deposi-
tion of charges or charged species, (3) preferential reduction or
oxidation, and (4) physical adsorption of charged species such
as polymers. A combination of electrostatic forces, Brownian
motion and osmotic forces would result in the formation of a so-
called double layer structure, schematically illustrated in
Fig. 10. The figure depicts a positively charged particle surface,
the concentration profiles of negative ions (counter-ions) and
positive ions (surface-charge-determining-ions), and the electric
potential profile. The concentration of counter-ions gradually
decreases with distance from the particle surface, whereas that
of charge-determining ions increases. As a result, the electric
potential decreases with distance. Near the particle surface, the
electric potential decreases linearly, in the region known as the
Stern layer. Outside of the Stern layer, the decrease follows an
exponential relationship. The region between Stern layer and

the point where the electric potential equals zero is called the
diffusion layer. Together, the Stern layer and diffusion layer are
called the double layer structure in the classic theory of elec-
trostatic stabilization.

Upon application of an external electric field, charged
particles are set in motion as schematically illustrated in Fig. 11
[1]. This type of motion is referred to as electrophoresis. When
a charged particle moves, some of the solvent or solution
surrounding the particle will also move with it, since part of the
solvent or solution is tightly bound to the particle. The plane
that separates the tightly bound liquid layer from the rest of the
liquid is called the slip plane (Fig. 10). The electric potential
at the slip plane is known as the zeta potential, which is an
important parameter in determining the stability and transport
of a colloidal dispersion or a sol. A zeta potential larger than
about 25 mV is typically required to stabilize a system [69]. The

Fig. 8. Effect of ultrasonication on electrodeposition. (a) Growth rate of nanorods for ultrasonication, stirring, and regular processes. (b) Temperature rate of bulk
electrolyte for same three processes. (c) Effect on resistance provided to electrodeposition by “ultrasonication”. [K.V. Singh, A.A. Martinez-Morales, G.T.S. Andavan,
K.N. Bozhilov, and M. Ozkan, Chem. Mater. 19 (2007) 2446].
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zeta potential, ζ, around a spherical particle can be described
as [70]:

f ¼ Q
4pera 1þ jað Þ ð4Þ

with j ¼ e2
P

niz2i
ere0kT

� �1=2

where Q is the charge on the particle, a

is the radius of the particle out to the shear plane, ɛr is the
relative dielectric constant of the medium, and ni and zi are the
bulk concentration and valence of the ith ion in the system,
respectively.

The mobility of a nanoparticle in a colloidal dispersion or
a sol, μ, is dependent on the dielectric constant of the liquid
medium, ɛr, the zeta potential of the nanoparticle, ζ, and the

viscosity, η, of the fluid. Several forms for this relationship have
been proposed, such as the Hückel equation [71–74]:

l ¼ 2ere0f
3pg

ð5Þ

Electrophoretic deposition simply uses oriented motion of
charged particles in a electrical field to grow films or monoliths
by enriching the solid particles from a colloidal dispersion or a
sol onto the surface of an electrode. If particles are positively
charged (more precisely speaking, having a positive zeta poten-
tial), the deposition of solid particles will occur at the cathode.
Otherwise, deposition will be at the anode. At the electrodes, the
electrostatic double layers collapse and the particles coagulate,
producing a porous materials made of compacted nanoparticles.

Fig. 10. Schematic illustrating electrical double layer structure and the electric potential near the solid surface with both Stern and Gouy layers indicated. Surface
charge is assumed to be positive. [A.C. Pierre, Introduction to Sol–Gel Processing, Kluwer, Norwell, MA, 1998.].

Fig. 9. SEM images of polymer nanotubes, indicating the fact that deposition or solidification of polymers insides template pores preferably starts at the surface of pore
channels and proceeds inwardly. [L. Dauginet, A.-S. Duwez, R. Legras, and S. Demoustier-Champagne, Langmuir, 17 (2001) 3952].
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Typical packing densities are far less than the 74 vol.% theo-
retical density [75]. Many theories have been proposed to
explain the processes at the deposition surface during electro-
phoretic deposition. However, the structural evolution on the
growth surfaces is not well understood. Electrochemical process

at the deposition surface or electrodes is complex and varies
from system to system. The final density is dependent on the
concentration of particles in sols or colloidal dispersions, zeta
potential, externally applied electric field, and reaction kinetics
between particle surfaces. Slow reaction and slow arrival of

Fig. 12. SEM micrograph of TiO2 nanorod arrays grown by template-based sol electrophoretic deposition. The diameters of nanorods are approximately: (A) 180 nm
(for the 200 nm polycarbonate membrane), (B) 90 nm (for the 100 nm membrane), (C) 45 nm (for the 50 nm membrane) and (D) XRD patterns of both the grown
nanorods and a powder derived from the same sol, and both samples consist of the anatase phase only and no peak position shift was observed. [S.J. Limmer, T.P.
Chou, G.Z. Cao, J. Mater. Sci. 39 (2004) 895].

Fig. 11. Schematic showing the electrophoresis. Upon application of an external electric field to a colloidal system or a sol, the constituent charged nanoparticles or
nanoclusters are set in motion in response to the electric field. [G.Z. Cao, Nanostructures and Nanomaterials: Synthesis, Properties and Applications, Imperial College
Press, London, UK, 2004].

55G. Cao, D. Liu / Advances in Colloid and Interface Science 136 (2008) 45–64



Author's personal copy

nanoparticles onto the surface would allow sufficient particle
relaxation on the deposition surface, so that a high packing
density is expected.

4.1. Polycrystalline oxides

Limmer et al. [76–82] combined sol–gel preparation with
electrophoretic deposition to prepare nanorods of various
complex oxides. One of the advantages of this technique is
the ability to synthesize complex oxides and organic–inorganic
hybrids with desired stoichiometric composition. Another
advantage is the applicability to a variety of materials. In their
approach, conventional sol–gel processing was applied to the
synthesis of various sols. By appropriate control of the sol
preparation, nanometer particles with desired stoichiometric
composition were formed, and electrostatically stabilized by pH
adjustment. Using radiation tracked etched polycarbonate
membranes with an electric field of ∼1.5 V/cm, they have
grown nanowires with diameters ranging from 40 to 175 nm and
a length of 10 μm, corresponding to the thickness of the mem-
brane. The materials include anatase TiO2, amorphous SiO2,
perovskite BaTiO3 and Pb(Ti,Zr)O3, and layered perovskite
Sr2Nb2O7. Fig. 12 shows the SEM micrographs and XRD
patterns of TiO2 nanorod arrays [80].

Wang et al. [83] used electrophoretic deposition to make
nanorods of ZnO from colloidal sols. ZnO colloidal sol was
prepared by hydrolyzing an alcoholic solution of zinc acetate
with NaOH, with a small amount of zinc nitrate added as a
binder. This solution was then introduced into the pores of anodic
alumina membranes at voltages in the range of 10–400 V. It was
found that lower voltages led to dense, solid nanorods, while
higher voltages caused the formation of hollow tubules. They
suggested that the higher voltages cause dielectric breakdown of
the anodic alumina, causing it to become positively charged as
the cathode. Electrostatic attraction between the ZnO nanopar-
ticles and the pore walls then leads to tubule formation.

4.2. Single crystal oxide nanorod arrays by change of local pH

A modified version of sol electrophoretic deposition has
been demonstrated to be capable of growing single crystalline

titanium oxide and vanadium pentoxide nanorod arrays from
respective TiO2+ and VO2

+ solutions. Miao et al. [84] prepared
single crystalline TiO2 nanowires by electrochemically induced
sol–gel deposition. Titania electrolyte solution was prepared by
dissolving Ti powder into a H2O2 and NH4OH aqueous
solution to form TiO2+ ionic clusters [85]. When an electric
field was applied, TiO2+ ionic clusters diffused to the cathode
and underwent hydrolysis and condensation reactions, resulting
in deposition of nanorods of amorphous TiO2 gel. After heating
at 240 °C for 24 h in air, single crystal anatase nanorods with
diameters of 10, 20, and 40 nm, and lengths ranging from 2 to
10 μm, were synthesized. The formation of single crystal TiO2

nanorods here is different from that reported by Martin's group
[86]. It is suggested that the nanoscale crystallites generated
during heating assembled epitaxially to form single crystal
nanorods.

In a typical sol–gel processing, nanoclusters are formed
through homogeneous nucleation and subsequent growth
through sequential yet parallel hydrolysis and condensation
reactions. Sol electrophoretic deposition is to enrich and deposit
such formed nanoclusters at an appropriate electrode surface
under an external electric field. The modified process is to limit
and induce the condensation reaction at the growth surface
through the change of local pH value, which is a result of partial
water hydrolysis at the electrode or growth surface:

2H2O þ 2e−→H2 þ 2OH− ð6Þ

2VOþ
2 þ 2OH−→V2O5 þ H2O ð7Þ

Reaction 6, or the electrolysis of water, plays a very
important role here. As the reaction proceeds, hydroxyl groups
are produced, resulting in an increased pH at the proximity of
the deposition surface. Such an increase of pH value near to the
growth surface initiated and promoted the precipitation of
V2O5, or reaction 7. The initial pH of VO2

+ solution is approxi-
mately 1.0, in which VO2

+ is stable. However, when pH
increases to ∼1.8, VO2

+ is no longer stable and solid V2O5

would form. Since the change of pH occurs at the proximity of
the growth surface, reaction 7 or deposition is likely to occur on

Fig. 13. (a) SEM image of V2O5 nanorod arrays on an ITO substrate grown in a 200 nm carbonate membrane by sol electrophoretic deposition, (b) TEM image of a
V2O5 nanorod with its electron diffraction pattern, and (c) high resolution TEM image of the V2O5 nanorod showing the lattice fringes. [K. Takahashi, S.J. Limmer, Y.
Wang, and G.Z. Cao, Jpn. J. Appl. Phys. B44 (2005) 662].
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the surface of the electrode through heterogeneous nucleation
and subsequent growth. It should be noted that the hydrolysis of
water has another influence on the deposition of solid V2O5.
Reaction 6 produces hydrogen on the growth surface. Such
molecules may poison the growth surface before dissolving into
the electrolyte or forming a gas bubble, which may cause the
formation of porous nanorods.

The formation of single crystal nanorods from solutions by
pH change induced surface condensation has been proven by
TEM analyses including high resolution image showing the
lattice fringes and electron diffraction. Fig. 13 shows typical
SEM and TEM micrographs and selected-area electron diffrac-
tion pattern of V2O5 nanorods. It is well known that [010] or b-
axis is the fastest growth direction for V2O5 crystal [87,88],
which would explain why single crystal vanadia nanorods or a
bundle of single crystal nanorods grow along the b-axis. The
growth of single crystal nanorods by pH change induced surface
condensation is attributed to evolution selection growth, which
is briefly summarized below and illustrated in Fig. 14a. The
initial heterogeneous nucleation or deposition on the sub-
strate surface results in the formation of nuclei with random
orientation. The subsequent growth of various facets of a
nucleus is dependent on the surface energy, and varies
significantly from one facet to another [89]. For one-
dimensional growth, such as film growth, only the highest
growth rate with direction perpendicular to the growth surface
will be able to continue to grow. The nuclei with the fastest
growth direction perpendicular to the growth surface will grow
larger, while nuclei with slower growth rate will eventually
cease to grow. Such growth mechanism would result in the
formation of columnar structured films with all the grains
having the same crystal orientation (known as textured films)
[90,91]. In the case of nanorod growth inside a pore channel,
such evolution selection growth is likely to lead to the formation
of a single crystal nanorod or a bundle of single crystal nanorods
per pore channel.

4.3. Single crystal oxide nanorod arrays by homoepitaxial
aggregation

Single crystal nanorods can also grown directly by conven-
tional electrophoretic deposition. However, several require-
ments have to be met for such growth. First, the nanoclusters or
particles in the sol must have a crystalline structure extended to
the surface. Second, the deposition of nanoclusters on the
growth must have a certain degree of reversibility so that the
nanoclusters can rotate or re-position prior to its irreversible
incorporation into the growth surface. Thirdly, the deposition
rate must be slow enough to permit sufficient time for the
nanoclusters to rotate or re-positioning. Lastly, the surface of
nanoclusters must be free of strongly attached alien chemical
species. Although precise control of all these parameters
remains a challenge, the possibility of growth of single crystal
nanorods through homoepitaxial aggregation of nanocrystals
has been demonstrated [92,93]. The formation of single crys-
talline vanadium pentoxide nanorods by template-based sol
electrophoretic deposition can be attributed to homoepitaxial
aggregation of crystalline nanoparticles. Thermodynamically
it is favorable for the crystalline nanoparticles to aggregate
epitaxially; such growth behavior and mechanism have been
well documented in literature [94,95]. In this growth mecha-
nism, initial weak interaction between two nanoparticles allows
rotation and migration relative to each other. Obviously,
homoepitaxial aggregation is a competitive process and porous
structure is expected to form through such homoepitaxial
aggregation (as schematically illustrated in Fig. 14b). Vanadium
oxide particles in a typical sol are known to form ordered
crystalline structure easily [96], so that it is reasonable to expect
that homoepitaxial aggregation of vanadia nanocrystals from sol
results in the formation of single crystal nanorods. Such formed
single crystal nanorods are likely to undergo significant
shrinkage when fired at high temperatures due to its original
porous nature; 50% lateral shrinkage has been observed in

Fig. 14. Schematic illustrations of (a) the mechanism of evolution selection growth inside a pore channel leading to the formation of single crystal nanorod (left) and
(b) homoepitaxial aggregation growth mechanism of a single crystalline nanorod (right). [G.Z. Cao, J. Phys. Chem. B108 (2004) 19921].
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vanadium pentoxide nanorods formed by this method. In
addition, it might be possible that the electric field and the
internal surface of pore channels both play a significant role in
the orientation of nanorods, as suggested in literature [97,98].

4.4. Nanowires and nanotubes of fullerenes andmetallofullerenes

Electrophoretic deposition in combination with template-based
growth has also been successfully explored for the formation of
nanowires and nanotubes of carbon fullerenes, such as C60 [99], or
metallofullerenes, Sc@C82(I) [100]. Typical experiments include
purification or isolation of desired fullerenes or metallofullerenes
using multiple step liquid chromatography and dispersion the
fullerenes in a mixed solvent of acetonitrile/toluene in a ratio of
7:1. The electrolyte solution has a relatively low concentration of
fullerenes (35 μm) and metallofullerenes (40 μm), and the
electrophoretic deposition took place with an externally applied
electric of 100–150 V with a distance of 5 mm set between two
electrodes. Both nanorods and nanotubes of fullerenes or
metallofullerenes can be formed and it is believed that the initial
deposition occurred along the pore surface. Short deposition time
would result in the formation of nanotubes, whereas extended
deposition leads to the formation of solid nanorods. Such formed
nanorods can possess either crystalline or amorphous structure.

5. Template filling

Direct template filling from a liquid precursor of mixture is the
most straightforward and versatile method for preparing nanowire
or nanorod arrays. The drawback of this approach is the difficult
to ensure complete filling of the template pores. Both nanorods
and nanotubules can be obtained depending on the interfacial
adhesion and the solidificationmodes. If the adhesion between the
pore walls and the filling material is weak, or solidification starts
at the center (or fromone end of the pore, or uniformly throughout
the rods), solid nanorods are likely to form. If the adhesion is
strong, or the solidification starts at the interfaces and proceeds
inwardly, hollow nanotubules are likely to form.

5.1. Colloidal dispersion filling

Martin et al. [87,101] have studied the formation of various
oxide nanorods and nanotubules by simply filling the templates

with colloidal dispersions (Fig. 15). Recently, the mesoporous
material (SBA-15) nanorod arrays were synthesized by filling
the sol containing surfactant (Pluronic P123) inside an ordered
porous alumina membrane [102]. Colloidal dispersions were
prepared using appropriate sol–gel processing techniques. The
template was placed in a stable sol for various period of time.
The capillary force drives the sol into the pores if the sol has
good wettability for the template. After the pores were filled
with sol, the template was withdrawn from the sol and dried.
The sample was fired at elevated temperatures to remove tem-
plate and to densify the sol–gel-derived green nanorods.

Typically a sol consists of a large volume fraction of solvent,
up to 90% or higher. Although the capillary force may ensure
complete filling of the pores with the suspension, the amount of
the solid occupying the pore space is small. Upon drying and
subsequent firing processes, a significant shrinkage would be
expected. However, the actual shrinkage observed is small
when compared with the pore size. These results indicated that
there are some unknown mechanisms, which enrich the concen-
tration of solid inside pores. One possible mechanism could be
the diffusion of solvent through the membrane, leading to the
enrichment of solid along the internal surface of template pores,
similar to what happens during ceramic slip casting [70]. The
observation of formation of nanotubules (as shown in Fig. 15
[87]) may imply that such a process is indeed present. However,

Fig. 16. Nanofiber arrays of biodegradable polymers, PCL, by bringing porous
template in contact with the polymer melt when heated at 130 °C. [S.L. Tao, and
T.A. Desai, Nano Lett. 7 (2007) 1463].

Fig. 15. SEM micrographs of oxide nanorods made by simple filling the templates with sols: a) ZnO, b) TiO2 and c) hollow nanotube. [B.B. Lakshmi, P.K. Dorhout,
and C.R. Martin, Chem. Mater. 9 (1997) 857].
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considering the fact that the templates typically were emerged
into sol for just a few minutes, the diffusion through membrane
and enrichment of solid inside the pores must be a rather rapid
process. It is also noticed that the nanorods made by template
filling are commonly polycrystalline or amorphous, but some-
times single crystal TiO2 nanorods were observed for nanorods
smaller than 20 nm [87].

Supercritical-fluid-inclusion is an ideal method for the for-
mation of high density arrays of nanowires within AAO
templates as they do not suffer from the inherent problem of
pore blocking associated with other methods such as electro-
deposition. For example, high density Ge nanowire arrays were
synthesized by this method [103].

5.2. Melt and solution filling

Metallic nanowires can also be synthesized by filling a
template with molten metals [104]. One example is the prepa-
ration of bismuth nanowires by pressure injection of molten
bismuth into the nanochannels of an anodic alumina template
[105]. The anodic alumina template was degassed and
immersed in the liquid bismuth at 325 °C (Tm=271.5 °C for
Bi), and then high pressure Ar gas of ∼300 bar was applied to
inject liquid Bi into the nanochannels of the template for 5 h. Bi
nanowires with diameters of 13–110 nm and large aspect ratios
up to several hundred have been obtained. Individual nanowires
are believed to be single crystal. When exposed to air, bismuth
nanowires are readily oxidized. An amorphous oxide layer of
∼4 nm in thickness was observed after 48 h. After 4 weeks, the
bismuth nanowires were completely oxidized. Nanowires of
other metals, such as In, Sn, and Al, and semiconductors, Se, Te,
GaSb, and Bi2Te3, were also prepared by injection of molten
liquid into anodic alumina templates [106].

Polymeric fibrils have been made by filling a monomer
solution containing the desired monomer and a polymerization
reagent into the template pores, followed by in-situ polymer-
ization [19,107–110]. The polymer preferentially nucleates and
grows on the pore walls, resulting in tubules at short deposition
times. Biodegradable poly(ɛ-caprolactone) (PCL) nanofibers

was fabricated by extrusion of a precursor solution through a
template and solidifying under pressure [111]. Alternately PCL
nanofibers were synthesized by bringing porous template in
contact with the polymer melt when heated at 130 °C [112] and
the well controlled PCL nanorod arrays are shown in Fig. 16.
This latter method is solvent-free and low temperature fabrica-
tion process and would also offer better control of nanos-
tructures. However, this approach requires a good wettability
between the pore surface of templates and the melts. When
polymer powder was first filled into the pores of template
membrane and then melt inside the pores, nanotube arrays with
well defined wall thickness would form with good wetting of
polymer melt on the pore surface [113]. The formation of
nanotube arrays instead of nanorod arrays in the latter is simply
due to limited available polymer melts inside the pores as
powder would not fill up the entire space.

Recently, metal, oxide and semiconductor nanowires have
been synthesized using self-assembled mesoporous silica as the
template. For example, Han et al. [114] have synthesized Au,
Ag and Pt nanowires in mesoporous silica templates. The
mesoporous templates were first filled with aqueous solutions
of the appropriate metal salts (such as HAuCl4). After drying
and treatment with CH2Cl2, the samples were reduced under H2

flow to form metallic nanowires. Liu et al. [115] carefully
studied the interface between these nanowires and the matrix
using high resolution electron microscopy and electron energy
loss spectroscopy techniques. A sharp interface only exists
between noble metal nanowires and the matrix. For magnetic
nickel oxide, a core shell nanorod structure containing a nickel
oxide core and a thin nickel silicate shell was observed. The
magnetic properties of the templated nickel oxide were found to
be significantly different from nickel oxide nanopowders due to
the alignment of the nanorods. In another study, Chen et al filled
the pores of a mesoporous silica template with an aqueous
solution of Cd and Mn salts, dried the sample, and reacted it
with H2S gas to convert to (Cd,Mn)S [116].

Mesoporous silica has been grown inside porous channels of
anodic alumina and PC membranes. Petkov et al [117] has
grown mesoporous silica from tetraethyl orthosilicate (TEOS)

Fig. 17. SEM images of the top view (left) and side view (right) of lead zirconate titanate (PZT) nanorod arrays grown in polycarbonate membrane from PZT sol
by centrifugation at 1500 rpm for 60 min. Samples were attached to silica glass and fired at 650 °C in air for 60 min. [T.L. Wen, J. Zhang, T.P. Chou, and G.Z.
Cao, J. Sol–gel. Sci. Technol. 33 (2005) 193].
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as the silica precursor and poly(ethylene oxide)-b-poly(propyl-
ene oxide)-b-poly(ethylene oxide) triblock copolymer, Pluro-
nic-123 as templating molecule. First a pre-hydrolyzed silica sol

was prepared by mixing TEOS with ethanol, water, and
hydrogen chloride at 60 °C for 1 h, and then admixed with
Pluronic 123 dissolved in ethanol. NH4Cl was then added to
ensure the complete dissolution of inorganic salt. Anodic
alumina membrane was then soaked into such a triblock
copolymer silica sol at room temperature for 2 h. The membrane
was then dried and calcined in flowing air at 550 °C for 5 h.
Mesopore channels in mesoporous silica are parallel to the pore
channels in alumina membranes. Such mesoporous silica in
anodic alumina membranes were used to grow metal and semi-
conductor nanowires inside the mesopores in silica. Limmer
et al [118] has grown mesoporous silica arrays by means of
sol electrophoretic deposition using surfactant containing silica
sol and PC membrane as templates.

5.3. Centrifugation

Template filling of nanoclusters assisted with centrifugation
forces is another inexpensive method for mass production
of nanorod arrays. Fig. 17 shows SEM images of lead zir-
conate titanate (PZT) nanorod arrays with uniformly sizes and
unidirectional alignment [119]. Such nanorod arrays were
grown in polycarbonate membrane from PZT sol by centrifu-
gation at 1500 rpm for 60 minutes. The samples were attached
to silica glass and fired at 650 °C in air for 60 min. Nanorod
arrays of other oxides (silica and titania) have prepared. The
advantages of centrifugation include its applicability to any
colloidal dispersion systems, including those consisting of
electrolyte-sensitive nanoclusters or molecules.

5.4. Solvent evaporation induced deposition

Although many elegant techniques have been developed for
the synthesis of oxide nanorod arrays from colloidal dispersions
as discussed above, many of them can not be used for growing
composite nanorod arrays. For example, sol electrophoretic
deposition can be used to prepare single-phase nanorod arrays;

Fig. 19. Schematics of fabrication process of V2O5–TiO2 nanorod arrays or V2O5 nanorod arrays. Top picture on the left: three-dimensional view of a polycarbonate
membrane; bottom picture on the left: set-up for fabrication of nanorod arrays; schematic on the right: growth process of nanorod arrays. [K. Takahashi, Y. Wang, K.H.
Lee, and G.Z. Cao, Appl. Phys. A82 (2006) 27].

Fig. 18. SEM images of (a) pure V2O5 nanorods grown in PC membranes with
400-nm-diameter pores using capillary force induced filling and solvent
evaporation induced deposition method and fired at 485 °C and (b) V2O5–TiO2

(molar ratio V/Ti=50/50) composite nanorod arrays. [K. Takahashi, Y.Wang, K.H.
Lee, and G.Z. Cao, Appl. Phys. A82 (2006) 27].
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otherwise, if electrical field is applied on multiple-phase sols,
different sol particles have difference surface charges and phase
segregation will occur so that homogeneous composition of the
product can not be obtained. Centrifugation force has been used
to grow nanorod arrays as well. However, for multiple-phase
systems, size and shape of different sol particles may differ, thus
phase segregation may occur which will prevent the formation
of homogeneous nanocomposite nanorods as well.

Takahashi et al. [120] has developed a simple solvent
evaporation approach for the formation of nanorod arrays of
composites. Fig. 18 shows typical SEM images of (a) pure
V2O5 nanorod arrays (b)V2O5–TiO2 composite nanorods
(molar ratio V/Ti=50/50) grown in 400 nm PC membranes
and fired at 485 °C for 1 h in air. These nanorods project from
the surface of ITO substrate like bristles of a brush and the
V2O5–TiO2 composite nanorods are less smooth than pure
V2O5 nanorods. Fig. 19 presents schematics that illustrate the
fabrication procedure of the nanorod arrays. The V2O5–TiO2

nanorods were grown by solution filling into PC template pores
with capillary force. The solution was drawn up into and filled
up the pores of PC membrane; the vapor in the solution
evaporated from the top surface of the PC template. As the
solvent evaporated from the surface and the concentration
enriched at the top of the pores, precipitation or gelation
occurred first at the top of the pores and subsequently proceeded
throughout the entire pores. Solvent evaporation induced
deposition provides a simple and elegant method for preparing
composite nanorod arrays. Its mechanism is similar to that of
slip casting [70].

6. Converting from reactive templates

Nanorods or nanowires can also be synthesized using
consumable templates, though the resultant nanowires and
nanorods are in general not ordered to form aligned arrays.
Nanowires of compounds can be prepared using a template-
directed reaction. First nanowires or nanorods of one constituent
element is prepared, and then reacted with chemicals containing
other desired element to form final products. Gates et al. [121]
converted single crystalline trigonal selenium nanowires into
single crystalline nanowires of Ag2Se by reacting Se nanowires
with aqueous AgNO3 solutions at room temperature. Nanorods
can also be synthesized by reacting volatile metal halide or
oxide species with carbon nanotubes to form solid carbide
nanorods with diameters between 2 and 30 nm and lengths up to
20 μm [122]. ZnO nanowires were prepared by oxidizing
metallic zinc nanowires [123]. Twinned Zn2TiO4 spinel nano-
wires were synthesized using ZnO nanowires as a template
[124]. The synthesis involves three steps: (1) ZnO nanowires
are synthesized first, (2) a layer of Ti is coated on the surface of
ZnO nanowires through vapor deposition, and (3) annealing at
elevated temperatures in air to form desired phase through solid
state reaction. Hollow nanotubules of MoS2 of ∼30 μm long
and 50 nm in external diameter with wall thickness of 10 nm
were prepared by filling a solution mixture of molecular
precursors, (NH4)2MoS4 and (NH4)2Mo3S13, into the pores of
alumina membrane templates. Then the template filled with the

molecular precursors was heated to an elevated temperature and
the molecular precursors thermally decomposed into MoS2
[125].

Certain polymers and proteins were also used to direct the
growth of nanowires of metals or semiconductors. For example,
Braun et al. [126] reported a two-step procedure to use DNA as
a template for the vectorial growth of a silver nanorods of 12 μm
in length and 100 nm in diameter. DNA strands both surface-
immobilized and in solution are used to template the growth and
organization of CdS through spontaneous nucleation and
growth on the surface of λ-DNA in Cd(NO3)2 aqueous solution
and Na2S dissolved in a mixture of water and ethanol [127].
CdS nanowires were prepared by a polymer-controlled growth
[128]. For the synthesis of CdS nanowires, cadmium ions were
well distributed in a polyacrylamide matrix, and then the Cd2+

containing polymer was treated with thiourea (NH2CSNH2)
solvothermally in ethylenediamine at 170 °C, resulting in
degradation of polyacrylamide. Single crystal CdS nanowires of
40 nm in diameter and up to 100 μm in length with a preferential
[001] orientation were obtained. Although more work reports
the synthesis of inorganic nanorods or nanotubes using
polymers or proteins as templates, oxide nanowires can also
be used as templates for the synthesis of polymer nanotubes. For
example, manganese oxide nanowires have been used for the

Fig. 20. Scanning electron microscopy (SEM) images of a) the cryptomelane-
phase manganese oxide template and b) the resultant PAni nanotubes. The inset
of (b) is the transmission electron microscopy (TEM) image of the PAni
nanotubes. The scale bar is 1 μm. [L.J. Pan, L. Pu, Y. Shi, S.Y. Song, Z. Xu, R.
Zhang, and Y.D. Zheng, Adv. Mater. 19 (2007) 461].
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growth of polyaniline nanotubes [129]. During the synthesis,
the manganese oxide nanowires are spontaneously removed by
dissolving into acidic monomer solution through reduction
reaction, while aniline monomer is oxidatively polymerized.
Fig. 20 shows the SEM images of MnO2 nanostructure tem-
plates and resultant polyaniline nanotubes.

Ordered nanotube arrays can be synthesized using reactive
nanorod or nanotube arrays. For example, aligned carbon
nanotubes have been used to grow TiO2 nanotube arrays by
electrophoretic deposition using TiO2 sol as growth precursor
[130]. Coaxial nanocable array is first formed with carbon
nanotube as a core and TiO2 as a shell. TiO2 nanotube arrays are
obtained when the carbon nanotubes are oxidization by heating
the nanocable arrays at 600 °C in air for 2 h. Similarly, aligned
carbon nanotubes can be used as templates for fabricating other
nanocable or nanotube arrays. For example, coaxial conductive
polymer–carbon nanotube arrays were synthesized through
electrochemical deposition [131].

7. Summary and concluding remarks

This paper provides a brief summary of the fundamentals and
technique approaches in template-based synthesis of nanowire
or nanorod arrays. Examples are used to illustrate the growth of
various nanorod materials with different technique approaches.
The literature in this field is overwhelming and expands very
rapidly. This chapter is by no means comprehensive in covering
all the relevant literatures. Four groups of template-based
synthesis methods have been reviewed and discussed in details.
Electrochemical deposition or electrodeposition is the method
for the growth of electrically conductive or semiconductive
materials, such as metals, semiconductors, and conductive
polymers and oxides. Electrophoretic deposition from colloidal
dispersion is the method for the synthesis of dielectric nanorods
and nanowires. Template filling is conceptually straightforward,
though complete filling is often a great challenge. Converting
of reactive templates is a method for both nanorod arrays
and randomly oriented nanowires or nanorods, and often is
combined with other synthetic methods.

This review has been focused on the growth of solid nanorod
and nanowire arrays by template-based synthesis; however,
template-based synthesis has been seen to attract an increasing
attention for the synthesis of nanotubes, and in particular nano-
tube arrays [132]. One of the greatest advantages of template-
based synthesis for the growth of nanotubes and nanotube
arrays is the independent control of the length, diameter, and the
wall thickness of the nanotubes. While the length and diameter
of resultant nanotubes are dependent on the templates used for
the synthesis, the wall thickness of nanotubes can be readily
controlled by the growth duration. Another great advantage of
template-based synthesis of nanotubes is the possibility of
multilayered hollow nanotube or solid nanocable structures. For
example, Ni–V2O5·nH2O nanocable arrays have been synthe-
sized by a two-step approach [133]. First Ni nanorod arrays
were grown in PC template by electrochemical deposition and
then the PC template was removed by pyrolysis, followed with
sol electrophoretic deposition of V2O5·nH2O on the surface of

Ni nanorod arrays. It is obvious that there is a lot of space for
more research activities in template-based synthesis of nanorod,
nanotube and nanocable arrays and their applications [134].

This review is focused on the solution based growth of
nanorod, nanowire and nanotube arrays. However, template-
based synthesis has also been used for other synthesis methods.
For example, atomic layer deposition (ALD) is a perfect
technique for the synthesis or fabrication of alumina nanotube
arrays with well controlled wall thickness and morphology
[135]. ALD has also been employed for the fabrication of TiO2

coated alumina membranes and TiO2-coated Ni nanowires, and
TiO2 nanotube arrays were readily obtained by dissolving the
templates [136].
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