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The growth of metal nanowires using membranes as hard templates is reviewed. The method provides access to
arrays of single-crystal metal nanowires and to quasi-one-dimensional metal nanostructures with controlled
compositional variation along their length. Recent applications of these kinds of nanowires to problems in
superconductivity, optical spectroscopy and sensing, and catalytic conversion of chemical to mechanical energy
are reviewed.

Introduction

High-aspect-ratio metal nanostructuressnanorods, nano-
wires, and nanotubessare the subject of much current study.
Although metals are “old” materials, their fabrication in new
forms, particularly at the nanoscale, opens up new ways to
study their physical and electronic properties. There are
potential applications in which a metal or metal-containing
composite nanowire can replace a more conventional device,
for example, in microelectronic circuits or magnetic memo-
ries. More interestingly, as quasi-one-dimensional (1-D)
nanostructures, metal nanowires and nanotubes reveal new
physical and chemical phenomena that are a direct conse-
quence of their size, shape, and reduced dimensionality.
These novel properties promise ultimately to be of even
greater technological impact because they will enable
genuinely new kinds of devices and applications.

This paper reviews recent advances in the synthesis of
metal nanowires in hard templates and the unusual properties
that emerge as a consequence of their confinement to
nanoscale dimensions. We focus primarily on our recent
efforts to examine some of the unique phenomena, in
particular, novel superconducting and optical properties, the
dynamics of nanowire assembly, and catalyzed motion, that
have been observed with metallic nanowires.

Growth of Metal Nanowires in Hard Templates

The synthesis of 1-D nanostructures has been recently
reviewed by Xia et al.1 While an impressive variety of
techniques now exist for making metal nanostructures, the
two most general are the so-called soft- and hard-template
methods. In the soft-template method, metal nanowire growth
occurs by chemical or electrochemical reduction, usually in
a solution that contains surfactants or other structure-directing
molecules. Depending on the nature of the soft template, its
effect is to inhibit the growth of certain crystal faces of the
metallic crystal or to alter the transport of reagents to certain
faces. Different variations of the soft-template method are
direct electrochemical reduction,2 seeding followed by
chemical reduction,3 and redox reactions that transform a
starting material that is easily grown as a nanowire (such as
Se or Ag) into a different metal or compound.4 When
combined with selective etching of the core material, this
method can be used to make cylindrical nanotubes as well
as open prismatic nanostructures with interesting plasmonic
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behavior.5 An important advantage of the soft-template
method is that it is scalable to bulk quantities of nanowires,
especially when the reduction is done chemically in solution.

In the hard-template method, an inorganic material or
polymer, typically in the form of a porous membrane, acts
as rigid mold for the chemically or electrochemically grown
replica. Because the template is usually a thin membrane,
this method is difficult to scale-up to macroscopic quantities
of nanowires, although efforts in that direction are underway.6

The benefit of the hard-template method, which is the focus
of our research and the subject of this review, is its ability
to produce complex 1-D nanostructures. The hard template
allows for unidirectional growth, making it easy to vary the
composition of the nanowire or nanotube in the axial
direction. With vertical pores, one obtains aligned arrays of
nanowires, which simplify bulk transport measurements and
enable certain special applications, such as chemical sensor,
field emitter,7 and magnetic nanowire arrays. Nanowires
made by replication of horizontal pores (such as cracks8 or
steps9 in planar substrates) are easily top-contacted for
electrical measurements and can, in principle, be patterned
in complex ways to make sensor arrays or nanoscale circuits.

The growth of metal nanowire arrays in hard templates
was first reported by Possin, who electroplated nanowires
of Sn, In, and Zn into nanopores made by etching of nuclear
particle damage tracks in sheets of natural mica crystals.10

Giordano and co-workers, who studied electron localization
in Pt and Ag nanowires, later refined this technique to obtain
nanowires with diameters below 10 nm.11 Subsequent
research has made extensive use of track-etched polycar-
bonate12 and anodic aluminum oxide (AAO) templates,13,14

which are produced and sold commercially as filters. In the
case of the track-etched polymer membranes, the pore
diameter is controlled by the etching time and conditions,
whereas the applied voltage is the most important factor in
determining the size and spacing of pores in AAO. An
important advance in the AAO method was the discovery
of techniques for making hexagonally ordered pore arrays,15

which enabled subsequent research on structurally well-
defined arrays of magnetic nanowires, field emitters, and

single-electron tunneling devices. The original method for
making regular pore arrays in AAO involved growing and
then stripping off a sacrificial oxide layer; the resulting
pattern in the underlying Al is transferred to the porous oxide
film in the next anodization cycle. Very highly ordered arrays
of pores in AAO have recently been made by first indenting
the Al in the desired pattern and then anodically etching at
the appropriate voltage.16

Figure 1 shows images of nanopore arrays in AAO. When
Al is anodized in acidic solutions, an insulating oxide layer
separates the bottom of the vertical pore from the underlying
metal electrode. With this barrier layer present, alternating
current methods must be used to electrodeposit metals into
the pores. If the pores are opened at the bottom, direct current
(dc) deposition and interrogation of the nanowire array,
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Figure 1. (a) Field emission scanning electron microscopy image of the
bottom surface, after ion milling, of a free-standing AAO film anodized at
22 V and 0-3 °C from an Al foil and detached by the reverse-bias method.
(b) Cross-sectional image of the AAO film. (c) HRTEM image of a 7.2-
nm Au wire grown small-pore AAO and released by dissolution of the
membrane.
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which is more convenient for many applications, is possible.
To perforate the oxide barrier layer, the voltage is decreased
progressively at the end of the anodic etching procedure.
However, this isotropic etching inevitably results in widening
of the pores, making it difficult to fabricate membranes with
pore diameters of less than 10 nm.

Because much of the interesting physics of metal, semi-
conducting, and superconducting nanowires emerges at very
fine diameters, there is a need for membranes with narrower
pores. Recently, it has been shown that the AAO barrier layer
can be removed selectively, without widening the pores, by
applying a cathodic potential at the end of the electrodepo-
sition.17,18 Figure 1 shows an image of a 7-nm-diameter Au
wire grown in such a template and then released by etching
the membrane. This method now enables one to make<10-
nm-diameter nanowires of many different metals in parallel
arrays, at a density of about 1011 wires/cm2. To access even
smaller dimensions and higher densities, a “pore within a
pore” method has been developed. Here, a mesoporous
silicate, SBA-15, is grown inside the larger pores of AAO.
Confinement in AAO serves to align the normally randomly
oriented pores of the mesoporous silicate perpendicular to
the plane of the membrane. These pores can be filled with
metals to obtain parallel nanowires or other interesting
shapes, such as helical nanowires, with diameters as small
as 6-7 nm.19-21

Control of the purity, crystallinity, and texture is important
for electronic studies of metals and superconductors because
impurity and grain boundary scattering can dominate elec-
tronic transport, particularly at very low temperatures.
Although electroplated metal films are normally polycrys-
talline, the same plating solutions and procedures can afford
arrays of single crystals in hard templates. This is because,
at a given current density, the nucleation rate is proportional
to the cross-sectional area of the nanowire, but the vertical
growth rate is independent of the area. Soft metals such as
Au,22 Sn,23 Zn,24 Ag,25 Pb,26 Bi,27 and Cu22,25 can be grown
as arrays of single crystals when the pore diameter is less

than about 70 nm. High-resolution TEM (HRTEM) images
of Au nanowires show that they are faceted at the tip,
exposing low-index faces to minimize the surface energy.25

A polymeric surfactant (gelatin) and a slightly elevated
growth temperature (40°C) promote surface diffusion of
atoms and favor the growth of existing crystal nuclei. Single
crystals, or twinned nanowires with long single crystalline
sections, are obtained by electroplating at low overpotential
to minimize the nucleation rate.22 In contrast, metals with
higher melting points (Co, Ni, and Rh) invariably grow as
polycrystalline nanowires even in very small pores. The
higher metal-metal bond energies of these metals result in
a smaller critical dimension for 2D nucleation and inhibit
the diffusion of electrodeposited atoms on the surface.

With noble metals such as Au, Ag, Pd, and Pt, the growth
of nanowires is not complicated by the formation of oxide
layers in or around the wire. However, with more active
metals such as Zn, Sn, Bi, Pb, and Cu, the formation of
oxides is difficult to avoid, especially when the wires are
released by etching away the membrane. Zn nanowires,
which have interesting superconducting properties (see
below) must be grown at low overpotential and at low
temperature (19°C) in order to obtain single crystals. An
epitaxial ZnO layer, which probably forms when the nano-
wires are released from the template for imaging by TEM,
is found around the Zn core. At higher overpotential,
nucleation is fast and polycrystalline Zn wires are obtained,
again with a ZnO outer layer. Increasing the deposition
temperature gives wires that contain ZnO segments, as well
as pure ZnO nanowires. In this case, oxidation of the Zn by
protons in the electrolyte competes with reduction of Zn2+

ions to Zn.24

When multicomponent nanowires are grown by first
plating one metal and then another, the microstructure and
interdiffusion of the resulting junctions can become quite
complex. Figure 2 shows an electron micrograph of a
nanowire plated in the sequence Au-Sn-Au, with locally
enlarged images of the junctions.28 In the top junction, the
Au segment is thinner near the junction, where progressively
Sn-rich alloys (AuSn followed by AuSn4) form along the
wire. The thinning of the Au reflects the fact that its
diffusivity is higher than that of Sn. A short oxide segment
appears between the AuSn4 and Sn segments. In the bottom
junction, no intermetallic phases are detected, possibly
because the SnO2 region blocks diffusion of Au. “Striped”
nanowires such as that shown in Figure 2 can be grown by
plating from a solution that contains one metal and then
replacing the solution to plate another metal.29 An alternative
procedure is to modulate the potential in a solution that
contains two different metal ions.30 The less active metal is
deposited at low overpotential, and both metals are deposited
at high overpotential. Typically, the more active metal is used
in excess so that the segments grown at high overpotential
contain predominantly that metal. One metal can be selec-
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tively etched to give porous or notched nanowires.31 Alter-
natively, metals can be plated into pores that contain colloidal
spheres, which can later be dissolved to leave nanowires with
spherical voids.32

Electronic Properties of Metal Nanowires

The hard-template method has been used to grow metal
nanowires with semiconductor and conducting polymer
segments by sequential electrodeposition. When in-wire self-
assembly (e.g., of thiolated molecules on the tips of Au
nanowires) is combined with sequential metal deposition
steps, free-standing wires that contain junctions only one
molecule thick have been made and studied. Layer-by-layer
assembly of polymers, clusters, semiconductor nanoparticles,
and other electronically active components has been com-
bined with electrochemical wire growth in hard templates
to make a wide variety of in-wire junctions and concentric

shell structures. The electronic properties of nanowire diodes,
transistors, and molecular junctions made by the hard-
template method have been recently reviewed.33,34 In these
devices, the metal acts as an ohmic or rectifying contact and
provides a way to make macroscopic contacts to a nanoscale
electronic device. Electronic transport within the metal
nanowire itself is not a phenomenon of particular interest in
these studies.

At low temperatures, however, the electronic properties
of quasi-1-D metallic structures are of substantial interest
and have been studied for decades. Although all metals
become superconducting at sufficiently low temperature, in
a strictly 1-D system the transition to a superconducting
phase should not occur. The crossover from bulklike to quasi-
1-D behavior depends on the temperature-dependent phase
coherence lengthú(T), which is the distance over which
electrons are paired in the superconducting state. The value
of ú(0) is different for different superconductors. Despite
extensive studies of superconductivity in dimensionally
confined materials, there is still some controversy about what
to expect in 1-D systems.35-40 A major reason this problem
has been difficult to sort out experimentally is the role of
defects and grain boundaries in polycrystalline, amorphous,
and granular samples. The availability of arrays of single
crystals, which are protected from oxidation by the hard
template, provides experimental access to questions about
the effects of 1-D confinement.

We have studied single-crystal nanowires of Sn and Zn,
which haveú(0) values (∼200 and 1-2 µm, respectively,
in high-quality clean samples) that are 1-2 orders of
magnitude larger than the diameters of the smallest nanowires
available by the hard-template method. In these experiments,
bulk Sn leads were used to contact wires that remained in
the AAO or polycarbonate template. When sufficient pressure
was applied to the Sn leads, good contact to the ends of the
nanowires was achieved despite the possible presence of an
oxide layer. This was evidenced by the fact that the resistance
dropped to negligible values belowTc (3.7 K) with 100-nm-
diameter wires. With this method, the transport properties
of small collections of nanowires and even those of individual
wires could be examined in two-point measurements. The
experimental setup is shown schematically in Figure 3.41

A current-carrying state in a 1-D system is predicted to
be metastable, and dissipation occurs when the system passes,
through thermal activation or quantum tunneling, to a state
of lower free energy separated by 2/π in phase. This process
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Figure 2. Scanning TEM annular dark-field image of a multisegment
nanowire grown in the sequence Au-Sn-Au, after release from the template
polycarbonate membrane. Locally enlarged images of the top Au-Sn and
bottom Sn-Au junctions are shown as insets.
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is called phase slip.42,43 In the case of Sn wires, the
superconducting transition temperature (Tc) at zero field is
affected very little by confinement. Sn nanowires larger than
70-nm diameter show bulklike behavior in theirR-T curves
(Figure 3), namely, a sharp drop in resistance atTc and
essentially zero resistance betweenTc (3.7 K) and the limit
of the measurement system (0.47 K). With 20- and 40-nm-
diameter Sn wires, however, a residual resistance that persists
down to at least 0.47 K signals the onset of quasi-1-D
behavior.41 Plots of logR vs T below Tc show two ohmic
regions, which can be fit to models for thermally activated
phase slip (TAPS) and quantum phase slip (QPS) near and
belowTc, respectively. For 20- and 40-nm-diameter Sn wires,
there is also evidence of quantum fluctuation-induced dis-
sipation. V-I curves show a series of discrete steps in
approaching the normal state as the excitation current is
gradually increased from values well below the critical
current density. These observations show that single crystals
of Sn cross over to quasi-1-D behavior at diameters that are
∼5 times smaller than the zero-temperature coherence length.

When the same kinds of measurements were performed
with Zn wires, very unusual and striking effects were
observed.44 Bulk Sn (Tc ) 3.7 K) or In (Tc ) 3.4 K) leads
were again pressed into the top and bottom of the nanowire-

filled membrane in order to penetrate any oxide layer at the
tips of the wires. With Zn wires larger than 70-nm diameter,
bulklike behavior was observed. That is, the bulk Sn-Zn
nanowire-bulk Sn system shows two drops in series
resistance upon cooling, the first atTc of the contact metal
(3.7 K) and the second atTc of Zn (0.9 K), with zero
resistance below this value. However, with nanowire diam-
eters below 40 nm, the second, larger drop in resistance is
suppressed, and the nanowire remains in the normal state
down to the lowest temperature measured (0.47 K). This
effect is reminiscent of the residual resistance observed below
Tc with quasi-1-D Sn wires. Surprisingly, when a magnetic
field is applied to drive the bulk Sn leads into the normal
state, the superconductivity of the Zn nanowires returns. This
behavior was quite unexpected because the ordinary proxim-
ity effect causes normal metals in contact with bulk super-
conductors to become superconducting at the interface. The
suppression of superconductivity in the case of the nanowire
system has therefore been named the “antiproximity effect.”44

Figure 4 showsR-H curves illustrating the antiproximity
effect for an individual Zn nanowire contacted by In leads.
At 1.2 K, aboveTc of Zn, there is a finite resistance at zero
field, meaning that the nanowire is in the normal state. A
sharp increase in resistance is seen as the field is increased
beyond 0.245( 0.01 kOe, which corresponds to the critical
field Hc for the bulk In leads. The increase in resistance
reflects the change from superconducting to normal In. In
the lower-temperature curves, the finite resistance at zero
field shows that the Zn nanowire is normal, even though
the temperature is well below itsTc (0.9 K). As the field is
increased beyondHc of the In leads, the resistance abruptly
drops, signaling the normal to superconducting transition in
the Zn nanowire.(42) Giordano, N.Phys. ReV. Lett.1988, 61, 2137;Phys. ReV. B 1990, 41,

6350;Phys. ReV. B 1991, 43, 160.
(43) Langer, J. S.; Ambegaokar, V.Phys. ReV. 1967, 164, 498. McCumber,

B. E.; Halperin, B. I.Phys. ReV. B 1970, 1, 1054.
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Figure 3. (a) TEM image of an individual 40-nm Sn nanowire. The insets
are respectively the electron diffraction pattern of the wire showing [100]
orientation and the TEM image of randomly distributed free-standing Sn
wires. (b) Resistance vs temperature of 20-, 40-, 60-, 70-, and 100-nm
nanowire arrays measured at the low current limit (I < 1 µA). The solid
lines are theoretical fits based on the sum of the TAPS and QPS
contributions to the resistance.

Figure 4. Resistance (R) vs field strength (H) for an individual Zn
nanowire (40-nm diameter× 2-µm length) in a polycarbonate membrane,
sandwiched by bulk In leads. Curves shown were obtained at 1.2, 0.75,
and 0.47 K, and the figure on the right is an expanded view of the low-
field region in the left figure.

Template-Grown Metal Nanowires

Inorganic Chemistry, Vol. 45, No. 19, 2006 7559



Experiments with different contacting metals (Sn, In, Pb,
and Ag) show that the antiproximity effect is quite general
and can be detected whenever a quasi-1-D Zn wire is
contacted at one or both ends with a bulk superconductor.
Although the effect is weaker with In and Pb leads (and
disappears completely for very long Zn nanowires), it can
be detected in these cases as a suppression in the supercon-
ducting critical current density at low temperature. The
critical current density returns to its full value when the
superconducting contacts are driven to their normal state by
an applied magnetic field. Work is ongoing to understand
the antiproximity effect on a theoretical basis and to exploit
the striking magnetoresistance behavior of superconducting
nanowires in switching applications.

Optical Properties of Metal Nanowires

Metal colloids have been known since antiquity as
pigments, and their optical properties have been understood
at a fundamental level since the work of Mie in the early
20th century.45 Nevertheless, metal nanoparticles are now
the subject of very intensive research because of their
important applications in chemical sensing, medical diag-
nostics and treatment, imaging, and signal processing that
are enabled by their optical properties. In this context,
template-grown metal nanorods offer some unique optical
behavior that arises from their high aspect ratio, small size,
and compositional modulation. We focus here on a few
examples that illustrate these special properties.

Over the past few years, the optical properties of metal
nanorods,46-50 as well as core-shell structures,51,52have been
extensively studied both experimentally and theoretically.
The absorption spectra of Au and Ag nanoparticles contain
a strong plasmon resonance, which is a collective oscillation
of the delocalized electrons in the metal. The wavelength
and strength of this resonance are sensitive to the size and
aspect ratio of the particles, as well as to the dielectric
properties of the surrounding medium. This was demon-
strated by Cepak and Martin, who made high-aspect-ratio,
40-90-nm-diameter Ag and Au nanorods in polycarbonate
membranes and observed the diameter dependence of the
plasmon absorbance maximum.53 Lee and El-Sayed subse-
quently performed detailed simulations of absorption and
scattering by Au nanorods using the discrete dipole ap-
proximation method.54 They found that the evolution of a
prominent longitudinal resonance in the spectra of nanorods
begins as the particles become slightly elongated, which
results an increase in the imaginary part of the dielectric
constant in the red and near-infrared. Experimentally, a linear

relationship has been found between the absorption maxi-
mum of the longitudinal plasmon resonance and the aspect
ratio of Au nanorods made by the micellar soft-template
method.55

Some interesting consequences of strong optical absorption
of metal nanorods are multipolar resonances,56,57 nonlinear
optical effects,58 and photothermal effects59 including opti-
cally induced reshaping.60,61 Both the enhanced light scat-
tering and light absorption in the red and infrared are
interesting for medical imaging and therapy. Indeed, Huang,
et al. have recently shown that Au nanorods, like Au
nanoshells studied earlier by Halas and co-workers,62 can
act as noncytotoxic antennae for electromagnetic radiation
in the tissue-transparent region of the spectrum. These
particles strongly absorb near-infrared radiation, and the
resulting local increase in temperature kills cancer cells in
cell cultures, as well as tumors, to which they are targeted
by derivatization with appropriate antibodies.63

As noted above, striped 1-D metal nanorods of various
sequences and lengths can be fabricated in AAO templates
using sequential electrochemical deposition. This additional
structural control can have interesting consequences for the
optical properties of the nanorods and their applications,
particularly in chemical and biochemical analysis. One kind
of structure with interesting optical properties is a multi-
segment rod containing both metal and dielectric stripes
composed of self-assembled monolayers64 or polymers.65

When the chemical or electrochemical deposition of the
organic stripe is controlled, its thickness can be adjusted
between the limits of a single molecular layer (1-2 nm) or
a thicker polymer layer (tens of nanometers to microns). With
very thin gaps between the metal segments, the dipoles
generated by longitudinal excitation interact strongly at the
stripe. The strong local electric field enhancement in this
geometry is of particular interest for surface-enhanced Raman
spectroscopy, which has recently been studied in nanoparticle
ensembles having somewhat larger (>20 nm) gaps.66-73
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The position and intensity of the longitudinal resonance
in rod-gap-rod structures are sensitive to both the dielectric
function of the material in the gap and to the shape of the
opposing end caps of the rods. The end caps can be made
concave, convex, or approximately flat by controlling the
surface chemistry of the pore walls during electrodeposition.
The growth ends of Au rods made by dc electrodeposition
in AAO membranes are typically concave but can be made
convex by first coating the pore with silica.74 An example
of such a structure, which contains a dithiol monolayer spacer
between Au nanorods, is shown in Figure 5.75

Aizpurua et al. considered theoretically the interaction of
light with Au rod-gap-Au rod structures as a function of
several parameters (composition, length, aspect ratio, and
gap length) for rods with hemispherical ends.75 They used
the boundary charge method to calculate the optical response
to a plane wave with its electric vector polarized along the
rod axis, in both far- and near-field approximations. Retarda-
tion (i.e., accounting for the finite speed of light) was
included in the full electromagnetic calculations because
some of the structures are on the order of or longer than the
wavelength of light. Figure 6 shows the results of these
calculations for representative gap structures. In the far field,
there is strong scattering in the spectral region between 800
and 1500 nm, which corresponds to the lowest-energy dipole-
active surface plasmon mode. The intensity of this band is

relatively insensitive to the separation distance between the
rod ends, but its wavelength maximum shifts to the red with
decreasing separation. The shift can be understood in terms
of the attractive interaction across the gap between opposite
charges at the ends of the rods. This attraction damps the
intrarod restoring force that drives the charge oscillation and
becomes more pronounced as the size of the gap decreases.
In contrast, in the near field, the scattering is strongly
dependent on the size of the gap. This effect is evident in
increased intensity in both the first and second dipole-active
modes, in the 1200-1400- and 600-nm regions, respectively.
The local electric field is dramatically increased in gaps that
are on the order of the height of a self-assembled monolayer,
but this effect is masked in far-field observations of scattering
from the coupled nanorods. These calculations suggest that
nanorod gap structures should be very interesting for field-
enhanced analytical spectroscopies such as surface-enhanced
Raman spectroscopy because molecules that localize in the
gap (e.g., by binding to a receptor molecule that is introduced
in the gap during template growth) will experience very
strongly enhanced electric fields.

With multisegment metallic rods, both the surface chem-
istry and the optical properties (absorption and light scat-
tering) vary with composition along the length of the rod.
Figure 7 shows a bright-field image of three-segment Au-
Pt-Au nanorods, in which the characteristic colors of the
component metals are evident. Martin et al. demonstrated
the orthogonal assembly of fluorescent and nonfluorescent
molecules onto these striped rods by exploiting the dif-
ferential reactivity of isonitriles and thiols.76 Both types of
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Figure 5. TEM images of a silica-encapsulated Au nanorod pair, with a
gap created by adsorption of a dithiol spacer molecule between segments.
The higher magnification image shows the 2-nm gap between the nanorods.
Reprinted with permission from ref 75. Copyright 2005 American Physical
Society.

Figure 6. (a) Calculated far-field intensity for a plane wave incident on
a pair of Au nanorods (L ) 200 nm;R ) 40 nm) with hemispherical ends
separated by a gapS. (b) Calculated normalized near-field amplitude at the
midpoint between the nanorods. Reprinted with permission from ref 75.
Copyright 2005 American Physical Society.
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molecules adsorb to Au and to Pt surfaces, but as demon-
strated in early experiments by Hickman et al.,77 the stronger
binding of thiols to Au allows one to displace the isonitrile
from that surface without displacing it from Pt. Fluorescent
labeling of the adsorbed thiol molecules selectively deriva-
tized the Au ends of the rods. In subsequent experiments, it
was shown that alkanethiols connected to single-strand DNA
oligomers could be selectively attached to Au in multi-
segment nanowires and that DNA hybridization led to
selective binding of rods to other rods or planar surfaces
that were derivatized with complementary sequences.78,79

By exploiting the differential reflectivity of sequentially
grown metals (e.g., Ag and Au), Keating and co-workers
showed that the stripe pattern could be used as an optical
barcode to identify nanorods derivatized with biomolecules
in DNA and protein assays.80-84 In this scheme, an analyte
binding event is detected by conventional methods, e.g., by
fluorescence microscopy. The fluorescence of a nanorod,
which signals the presence of a particular analyte, is
correlated with the barcode, which encodes for the receptor

that is bound to that particular rod. A suspension of nanorods
containing a mixture of barcodes (with their associated
receptors) provides the same multiplex advantage as a
microarray, in which the receptor is identified by itsx-y
coordinates in a grid. Hence, the nanobarcode multiplexing
scheme can, in principle, act as a gene chip (or protein chip)
in a drop of water. Additionally, because the nanorods are
not confined to a grid, they can be subjected to the kinds of
manipulations that are possible with metal colloids, such as
magnetic separation or dielectrophoretic binding to elec-
trodes.85

Optical barcodes have distinct advantages over other
optical encoding schemes, such as fluorescent tagging. They
do not suffer from photobleaching, low quantum yields,
broad fluorescence, and the limited number of peaks in the
visible region that are associated with fluorescent organic
tagging molecules. They do not require extensive modifica-
tions necessary for biocompatibility with semiconductor
quantum dots86 or the spectral limitations of color-coded
microspheres.87 With optical barcodes, the number of pos-
sible sequences is determined by the number of distinguish-
able stripes in the nanorod. This is subject to practical
considerations of the rod length and to the Rayleigh limit of
resolutionλ/2(NA), in which λ is the wavelength of light
and NA is the numerical aperture of the microscope. Using
typical values of 400 nm and 1.4 forλ and NA, respectively,
this limit is 143 nm. Keating and co-workers have shown
that one can obtain identification accuracies above 90%84

with stripes down to 60 nm in length by using Ag stripes,
which are 2.5 times more reflective than Au at 430 nm.80-84

They calculate that one could encode up to 4160 analytes
using stripe length variations of three metals (Ag, Au, and
Pd) in a 13-segment barcode.80

Keating and co-workers demonstrated the utility of multi-
segment nanowires as nanobarcodes with sandwich DNA
hybridization assays. A 24-nucleotide oligomer (the analyte)
bound to a 12-nucleotide oligomer captures the sequence on
the nanorods and a 12-nucleotide fluorescent probe. Fluo-
rescence on the nanorods was not observed in the absence
of the analyte oligomer.80 They subsequently used different
immunoglobulin G antibodies as capture agents and again
demonstrated that selective antigen binding could be cor-
related with the rod barcode.83

One other interesting consequence of the hard-template
replication method is that it can result in regular hexagonal
arrays of nanorods and/or nanotubes,88 especially if imprint-
ing techniques are used to define the pattern in the AAO
template.16 Recently, Ag nanorod arrays of this type have
been studied theoretically as optical imaging systems.89 In
these systems, the near-field components of a dipolar field
can be transmitted via surface plasmon excitation through
the rod array to the other side. That is, the nanowire array
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Figure 7. Optical microscope images of multisegment nanorods. Left:
Bright-field image of Au-Pt-Au nanorods (from ref 76). Right: (top)
Fluorescence micrograph of Au nanowires derivatized with single-strand
DNA at the tips only, then removed from the alumina membrane, and
hybridized with complementary fluorescent single-strand DNA; (bottom)
fluorescence micrograph of striped Au-Pt-Au nanowires removed from
the alumina membrane, derivatized with single-strand DNA, and then
hybridized with the fluorescent complement. The insets show the corre-
sponding bright- and dark-field images acquired in white light. Reprinted
with permission from ref 78. Copyright 1999 and 2001 Wiley-VCH.
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effectively acts as a plasmonic waveguide, transmitting an
image collected in the near field with sub-wavelength
resolution. The hard-template method provides a way to
fabricate such arrays at the diameter and spacing needed
(20-40 nm) to test these predictions.

Autonomous Movement of Metal Nanowires

One of the most challenging problems in nanotechnology
is the design of power-generating engines that can drive the
motion of machines on the submicron, nanoscale, and
molecular levels. Synthetic organic chemistry is sufficiently
sophisticated that one can now make nanoscale machines of
different designs, an appealing recent example of which is a
molecular car with fullerene wheels.90 Unfortunately, such
a car cannot run without an engine. Ordinary macroscopic
engines, which are based on electromagnetic induction, the
expansion and contraction of working fluids, etc., scale with
great difficulty to these length scales. Even scalable actuators,
such as piezoelectrics, conducting polymers, and environ-
mentally responsive gels, require an external macroscopic
power source and are therefore not easily integrated into
small autonomously powered machines.

On the other hand, motion in biological systems, even very
large ones such as ourselves, is powered entirely by
molecular motors, engines with moving parts on the length
scale of nanometers and below. For example, kinesin is a
motor protein that actively transports intracellular cargo
(mRNA, signaling molecules, etc.) along microtubules (an
assembly of two proteins that acts as the track) employing
adenosine triphosphate (ATP) as the “fuel”.91,92Microtubule-
based motors also power eukaryotic cell division and the
flagellar motion of certain types of cells. Another class of
ATP-dependent motors is based on the biopolymer actin.93

Actin motors are responsible for the directed movement of
eukaryotic cells as well as the contraction of skeletal muscle
in higher organisms.Listeria monocytogenes, a bacterial
pathogen, pushes through the cytoplasm of infected cells via
the polymerization and depolymerization of actin, effectively
hijacking the fuel (ATP) and the motor proteins of the host
cell.94 In all of these examples, the molecular motor locally
catalyzes the metabolism of a fuel, such as ATP or GTP,
and converts some of the free energy released in the reaction
to mechanical energy.

One of the successful approaches to the nanoengine
problem has been to adapt biological motors through
appropriate genetic modification and attachment of nonbio-
logical nanoscale parts. An early example of this hybrid
approach was a bioinorganic motor employing F1-ATPase
(a rotary enzyme that reversibly converts ATP to ADP) and
a synthetic Ni nanorod.95,96This approach has the advantage
of harnessing efficient and highly evolved biological engines

but the disadvantage that it requires biofuels such as ATP
and biofriendly buffers and temperatures.

An alternative approach is to consider the minimal
requirements for autonomous motion and then to design fully
synthetic systems that do not necessarily resemble biological
motors in their form. Local catalysis of a spontaneous
reaction is one essential requirement. Another is asymmetry,
which is needed to generate a directional force. Ismagilov
et al. first combined these features in millimeter-scale objects
to demonstrate the autonomous movement of poly(dimethyl-
siloxane) (PDMS) objects coated at one end with Pt. The Pt
catalyzed the decomposition of H2O2 (eq 1).97

The Pt catalyst was applied as a thin film on one side of
a glass “transom” of disc-shaped “boats” of PDMS, which
floated on the surface of an aqueous peroxide solution. On
this length scale, recoil from the generation of O2 bubbles
drove the boat at speeds of 1-2 cm/s.

Our initial experiments with nanorod motors also em-
ployed a Pt catalyst for this reaction, but as part of a striped
Pt-Au nanorod approximately 350 nm in diameter and 2
µm in length. Our expectation was that the PDMS-Pt motor
(powered by recoil force) would simply scale down to the
micron length scale. When Pt-Au rods were added to a
dilute solution of H2O2 (2-3.7% w/w), autonomous motion
indeed occurred but the mechanism was clearly different:
bubble recoil should push the rods with their Au ends
forward, but axial motion in the opposite direction (Pt end
forward) at speeds up to 10-20 µm/s (i.e., 5-10 body
lengths/s) was observed (Figure 8).98 Further, bubbles did
not nucleate on the metal nanorods but formed instead on
the surfaces of the microscope slide and coverslip that
contacted the solution. Control experiments with noncatalytic
Au rods and with rods lacking catalytic asymmetry (Au-
Pt-Au) did not exhibit autonomous movement. Interestingly,
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Figure 8. (B) Trajectory plots of three 2-µm-long Pt-Au rods shown in
still image (A) over the following 5 s in2.5% aqueous H2O2. The scale on
the right is in microns. Reproduced with permission from ref 98. Copyright
2004 American Chemical Society.

2H2O2 f 2H2O + O2 (1)
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the speed and random reorientation of the motion of Pt-Au
nanorods were comparable to those of multiflagellar bacteria,
such asEscherichia coli,which are similar in size and shape.

Although it is evident that local catalysis of reaction (1)
should give rise to chemical gradients (such as spatial
concentration gradients of reactants and products), several
mechanisms are possible for translating these gradients into
forces that impel motion of nanorods. These include inter-
facial tension gradients, diffusiophoresis, and self-electro-
phoresis. At constant velocity, the force generated by
catalysis must match the drag force on the cylindrical rod,
which is easily calculated to be on the order of 0.01 pN.99

Preliminary calculations showed that diffusiophoresis at the
observed reaction rate [9.7(4)× 10-16 mol of O2/s per rod
in 2.5% H2O2, as measured by gas chromatography] would
result in forces that are approximately 3 orders of magnitude
too small. Other physical mechanisms, such as chemically
generated pressure or temperature gradients, could be also
eliminated because the forces they would generate would
be very weak. The remaining possibilitiessan interfacial
tension gradient arising from the concentration gradient of
O2 along the Au segment of the rod and an electrophoretic
force generated by viscous drag of protons passing through
the double layer at the rod surfaceswere modeled and found
to generate forces of the correct order of magnitude.100 An
interesting third possibility, a Brownian ratchet, has been
recently suggested by Dhar et al., who studied the motion
of Pt-Au nanorods confined to the air-water interface with
H2O2 in the subphase.101 The hypothesis in this case is that
the generation of O2 lowers the viscosity at one end of the
rod. Random thermal motion of the rod can move it more
easily in the direction of the less viscous fluid, and the
asymmetric distribution of O2 is reestablished after the rod
moves to its new position. However, on the basis of recent
tracer particle experiments conducted in an analogous
catalytic micropump system,102 the self-electrophoretic mech-
anism now seems most likely. In this mechanism, bipolar
reduction and oxidation of H2O2 occur at the two ends of
the rods. An asymmetry in the rates of these reactions leads
to a net flow of electrons through the rod and protons through
the fluid.100 The resulting drag of water molecules by the
protons results in axial rod motion, or fluid motion in the
case of electrocatalyst patterns on surfaces.

The random motion of Pt-Au nanorods demonstrates the
principle of autonomous motion, but these rods are not
particularly useful as engines because their motion is
uncontrolled. Kline et al. showed that it was possible to steer
catalytically driven nanorods by incorporating ferromagnetic
Ni segments in the sequential electrochemical deposition
process.103 Love et al. had shown earlier that striped metal

rods containing thin ferromagnetic segments have an easy
axis of magnetization perpendicular to the long axis of the
rod.104 In this configuration, an applied magnetic field orients
Au-Ni-Au-Ni-Pt rods perpendicular to the field lines and
does not exert a net axial force on the rod. The magnetized
rods have a magnetic moment of approximately 10-15 A m2,
which is quite close to that of magnetotactic bacteria.105 The
influence of a small applied magnetic field on the catalyzed
movement of the rods is shown in Figure 9. At a field
strength of 550 G, applied by using a small stack of NdFeB
magnets, the magnetic torque on the rods (7× 10-17 N m)
is about 104 times higher than the rotational thermal energy.
Under these conditions, the rotational diffusion coefficient
of the rods is drastically reduced (from 2000 to 70°2/s), but
their axial speed is essentially unchanged. The movement
of these magnetized rods is thus confined to one direction,
in much the same way as magnetotactic bacteria move in
one preferred direction under the influence of the earth’s
magnetic field.

Several other groups have now used similar designs and
synthetic strategies to achieve catalytically powered motion
of nanoscale and microscale objects. Catchmark and co-
workers showed that sub-millimeter scale Au gears with Pt
stripes on one side of each tooth rotated at linear velocities
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Figure 9. In-plane trajectories of rods traveling in a random fashion before
applying a magnetic field (top) and the same rods traveling left or right in
the presence of a field (bottom). The arrows indicate the orientation of the
rods at 0 s. The field was applied by using a stack of magnets polarized in
the vertical direction of the plots in the plane of the microscope stage.
Reprinted with permission. Copyright 2005 Wiley-VCH.
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up to 500µm/s in H2O2 solutions.106 Fournier-Bidoz et al.
observed rotational movement of Au-Ni nanorods sus-
pended above p-type Si wafers in H2O2. They found that
rotary motion occurred at impurities or defects on the surface
of the Si, to which the Au end of the rod adhered.107 By
analogy to our experiments on the movement of tracer
particles above patterned metal surfaces,102 this movement
appears to be electrokinetic in origin. That is, bipolar
electrochemistry (and possibly photoelectrochemistry because
the samples are illuminated by the microscope) may be
occurring to generate a flux of protons between the p-type
Si surface and the Ni end of the nanorods.

Recently, Mano and Heller have demonstrated the au-
tonomous movement of C fibers derivatized at the two ends
with redox enzymes (Figure 10). This was an important
development in the field for two reasons. They showed, first,
that a biofriendly fuel (glucose) could be used and, second,
that a bipolar electrochemical reaction was unequivocally
involved in energy transduction. In their system, glucose
oxidase was wired to a redox-active polymer that served as
the anode, oxidizingâ-D-glucose toδ-glucono-1,5-lactone.
Bilirubin oxidase was wired to another redox-active polymer

that served as the cathode, reducing O2 to water. The anodic
reaction generates protons, which are consumed in the
cathodic reaction. A conductive C fiber acts as the support
for the anode and cathode, and the entire system is thus a
miniaturized, short-circuited biofuel cell. In a buffered
aqueous solution containing 10 mMâ-D-glucose at 37°C,
the wired fibers (7µm in diameter and 0.5-1 cm in length)
moved autonomously at the air-water interface as illustrated
in Figure 10. Control experiments done in the absence of
O2 (N2 atmosphere), without glucose, or with an electroni-
cally insulating film that blocked electronic communication
with the anodic enzyme resulted in no movement. Mano and
Heller attributed the motion to an ion gradient that changes
the surface tension at the interface, and this hypothesis was
supported by altering the hydrophobicity of the wire with
O2 plasma. A hydrophilic fiber (immersed in the solution)
did not move.108

The demonstration of an enzymatically driven rod motor
is encouraging because it illustrates the possibility of using
other fuels, and especially biocompatible fuels, in micro- and
nanoscale engines. There is clearly much more that can be
done with these systems to better understand the mechanism
of their motion, to extend the idea to other types of fuels
and reactions (e.g., polymerization and hydrolysis reactions,
which are widely employed by biological motors), and to
couple axial and rotary motors to other kinds of structures
so that they can perform useful work.

Conclusions

The hard-template synthesis of metal nanorods provides
an experimentally very simple route to complex and func-
tional nanostructures. In this paper, we have covered only a
few of its applications, focusing in particular on current
activities in our own laboratory. Despite the fact that template
synthesis has been applied over decades to a broad range of
problems in nanoscale electronics, bioanalytical chemistry,
magnetic materials, energy conversion, and other areas, some
of the new developments in the field are quite surprising
and unanticipated. This suggests that much remains to be
discovered by using this method.
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Figure 10. Graphs and images illustrating the motion of C fibers
derivatized at opposite ends with glucose oxidase (GOx) and bilirubin
oxidase (BOD). (A) Left: at GOx/BOD∼ 1, the trajectory is linear. Right:
pictures taken att ) 0.2 s (1), 3 s (2), 5 s (3), and 8 s (4). (B) Left: when
GOx/BOD > 1, the trajectory is spiral. Right: pictures taken att ) 0.2 s
(1), 1 s (2), 3.8 s (3), and 6 s (4). (C) Left: when GOx/BOD. 1, rotation
around the anode is observed (blue). Right: pictures taken att ) 1 s (1),
7 s (2), 10 s (3), and 16 s (4). Reprinted with permission. Copyright 2005
American Chemical Society.
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