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ABSTRACT

This manuscript describes the synthesis of a new generation of multicomponent disklike nanoparticles. In this work, we present for the first
time, through the template-based sequential electrochemical deposition of metal/semiconductor/polymer segments, an innovative and effective
method for preparing a wide range of metallic, semiconductor, and polymeric hybrid multicomponent disklike nanoparticles covering a wide
and controlled dimension range from a few nanometers to hundreds of nanometers. Moreover, we can readily tailor the desired final size,
aspect ratio, and composition of the disklike nanoparticles by varying the precursor material used and the electrochemical deposition approach.
Furthermore, this simple route leads to a highly reproducible and high-throughput synthetic platform of new multicomponent and multifunctional
nanoscale building blocks.

To date, the template-based method has been shown to be a
straightforward route for the general synthesis of one-
dimensional 1D nanomaterials, especially high aspect ratio
anisotropic structures like nanorods, nanowires, coaxial
structures, and nanotubes.1-15 This is due to the dense-pore
geometry of the template membrane and the monodisperse
diameters with a narrow diameter distribution and unidirec-
tional growth, which in turn makes it easy to vary the
composition of the nanorods in the axial direction.16 More-
over, such template-based building blocks offer exciting
applications, such as nanorods consisting of 1 µm long Pt
and Au segments, which are able to move autonomously in
aqueous hydrogen peroxide solutions by the catalytic forma-
tion of oxygen at the Pt end.17-19 The unique electronic
properties of Au-CdS-Au and Au-Ppy-Au nanowires,20 which
function as nanodiodes and nanoresistors respectively, were
also obtained by the formation of multisegmented nanorods
by the hard-template method. The multiplexed detection and
sensing of biological analytes with the use of striped metallic
nanorods known as nanobarcodes21 (NBs) were also achieved
through sequential electrochemical deposition. Bifunctional
Au/Ni nanorods were shown to be an effective tool in gene
transfer.22 Furthermore, unlike bimetallic nanoparticles such
as NiPt and core-shell nanoparticles of Au-Ag or Au-Pd,
which often exhibit properties distinct from those of their
constituent metals and usually show mixed physical proper-
ties of the monometallic nanoparticles, in this work the
physical and chemical properties of the multisegmented
disklike nanoparticles are conserved.

The formation of metallic nanostructures within the
template pores can be implemented either by chemical
electroless reduction23 or electrodeposition. Electroless depo-
sition of an appropriate electrolytic bath inside the pores may
be accomplished in a two-step process: initiation and
deposition. Deposition begins at the pore walls, creating
hollow metal nanotubes within the pores at short deposition
time, but as deposition time increases, the membrane pore
fills and the nanotube becomes a nanorod. Alternatively, in
electrochemical deposition, the material to be deposited into
the polycarbonate or anodized aluminum oxide (AAO)
template must be both easily reduced and conductive in order
to form the required nanostructures. Depending on the
sequential electrochemical synthesis method used, nanorods
composed of metals, polymers, and semiconductors may be
fabricated.

Here we describe the use of a template-based innovative
methodology for the straightforward, systematic electro-
chemical synthesis of a novel generation of multicomponent
disklike nanoparticles (MDPs) of controlled dimensionality
through the sequential electrodeposition of the multiple
segments with the use of nanoporous (AAO or polycarbon-
ate) membranes as templates for the preparation of this novel
nanoparticle family. This finely controlled template-assisted
sequential electrochemical synthesis method provides us with
a convenient, highly reproducible and high-throughput
preparation approach for a wide range of metallic, semicon-
ductor, polymeric hybrid multisegmented disk-shaped nano-
particles.

Sequential electrodeposition, a key feature in the construc-
tion of such novel types of building blocks, offers important
advantages: expensive instrumentation is not required, the
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procedure can be carried out at room temperature or under
low-vacuum pressures, the process is not time-consuming,
and last, it offers uniformity as well as great chemical
diversity of the synthesized nanostructures. For metals,
electrochemical deposition is accomplished by the reduction
of metal ions from an electrolytic solution through the
application of a negative potential. This may be performed
under galvanostatic, potentiostatic, pulsed electrodeposition,
or cyclic-voltammetry conditions.24-27 The diameter of the
multicomponent disklike nanoparticle is dictated by the
nominal pore size of the template, while its length is directly
related to the time and the amount of negative charge passed
through the system.

Results and Discussion. The synthetic approach to the
formation of single-component disklike nanoparticles with
unique morphology and the ability to control their thickness
and diameter is the main challenge in the synthesis of
multicomponent disklike nanoparticles. The synthetic process
for the formation of disklike nanoparticles is depicted in
Scheme 1. Initially, we prepared gold disklike nanoparticles
with a diameter which was predetermined by the nominal
pore size of the chosen membrane. The preparation began
with the formation of Cu-Au nanorods, which were
synthesized by sequential electrochemical deposition. (The
copper segments served as sacrificial material which can be
readily removed later on by simple wet chemical etching).
The resulting Cu-Au nanorods, Figure 1A, embedded in
the AAO membrane (0.01 µm nominal pore diameter) were
released by etching the template with sodium hydroxide
solution, Figure 1B, followed by a thiol modification of the
gold segments that stabilized the disk nanoparticles and
protected them from attack after the final sacrificial dissolu-
tion of the copper segments in diammonium persulfate,
Figure 1C. In order to obtain gold segments of the correct
size, a calibration graph of thickness (L) versus time at a
constant charge of 0.40 mA passed through the alumina
membrane was determined, Figure 1D. Thus, the dimensions
of the obtained metal nanodisks depend, on the pore diameter
of the given template and the time and charge of the
electrodeposition.

Figure 1C insets shows a close-up view of the constant
morphology and surface of the gold disklike nanoparticles,
while Figure 1E provides the EDS elemental analysis of the
nanoparticles shown. Figure 1E insets show an STEM image
of a 100 nm diameter single Au disklike nanoparticle and a
diffraction pattern which shows that the gold is crystalline.
As mentioned before, the diameter of the nanodisks can be
controlled by the pore size of the template membrane used,
Figure 1F. Furthermore, by using atomic layer deposition
(ALD), a coating process capable of depositing ultrathin
conformal films of a variety of materials, enables a controlled
reduction in the diameter of the membrane template pores
by deposition of alumina on the pore walls.28 This approach
allows us to perform ultrafine tuning of the pore diameter
with high accuracy (results not shown). Thus, the proposed
approach allows us to readily prepare nanoparticles of the
desired dimensions with full control over the thickness (L)
and the diameter (D) of the nanodisks. In addition, the pore

diameter of the AAO membrane template can be controlled
during the anodizing drilling of the aluminum substrate. Pores
between 20-200 nm can be readily prepared by simply
changing the anodization conditions of the drilling step and
postanodization chemical etching, Figure 1F.

Also, a high-throughput setup platform synthesis of
nanoparticles can be achieved with a simple replication of
the gold-disk and copper sacrificial segments, as shown in
Figure 2A,B. Solutions containing gold nanodisks with
concentrations of ∼1.5, 7.5, and 12 × 1010 disks/cm2 were

Scheme 1. General schematic of the experimental
procedure for the synthesis of a single component

Au-disklike nanoparticles within the pores of an AAO
membrane (nominal pore size ) 0.01 µm, thickness )

∼60 µm, exposed area 1.5 cm2, density ) ∼1010

pores/cm2) backed with evaporated 300 nm of Aga

a (A) A thin layer of silver film (300 nm) is evaporated onto one face of
the AAO template with a pore diameter of (0.01 µm) using thermal
evaporation. (B) Performing sequential electrodeposition of each of the
different electroplating solutions copper and gold respectively. (C) Nanorods
were revealed by dissolving the membrane with 2M NaOH for 30 minutes.
(D) Finally, 0.2 M diammonium persulfate (NH4)2S2O8 was added for 20
minutes, which oxidized the Cu segment. As a result, we were able to obtain
the Au disklike nanoparticles on the Ag backing surface. (E) The Au disklike
nanoparticles can be as well in a solution after thiol modification. Top view
SEM image of AAO template with an average diameter of 100 nm.
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prepared in which each solution exhibits a characteristic
appearance as shown in Figure 2C bottom.

It is also important to characterize the optical properties
of the new gold disklike nanoparticles. The reason for this
is the utilization of metal nanostructures that possess unique
electronic, catalytic, and detection properties. For example,
at present most applications of gold nanoparticles as sensors
are based on the detection of the wavelength shift in the
surface plasmon band (SPB),29 which is due either to a
change in the local dielectric constant of the nanoparticles
resulting from adsorbed biomolecules or to biomolecule-
induced aggregation of the nanoparticles.30 One important
motivation for the construction of well-defined shape-
controlled new nanoscale building blocks arises from the
optical properties of these metallic nanostructures, which
enable manipulation of light at the nanoscale level. For
example, optical tuning can be specifically controlled by the
shape and size of the nanocrystals. When excited with an
electromagnetic field noble-metal nanoparticles produce an
intense absorption band known as a plasmon surface band
(PSB) attributed to the collective oscillation of conduction
electrons on the particle surface. The resonant frequency of
the localized surface plasmon band (LSPB) is highly de-
pendent on particle size, shape, material and environment.31

Toward achieving this goal, gold disklike segments were
treated with a 1:1 mixture of 20 mM sodium 3-mercapto-
1-propanesulfonate (MPA) and 20 mM mercaptopropionic
acid (MPSA) in aqueous solution. As a result of this
modification, a negatively charged monolayer of MPA and
MPSA is bound to the surface gold atoms via metal-thiol
bonds and provides a negative surface charge when dispersed
in an aqueous medium. Absorption spectroscopy measure-
ments reveal a unique spectrum for these disklike gold
nanoparticles, as displayed in Figure 2D.32 Absorption spectra
similar to the observed from gold nanodisk structures were
recently reported for similar gold islands nanostructures.33-36

In addition, it is possible to reduce the particle size
considerably while maintaining the disklike structure by the
simple substitution of AAO to polycarbonate (PC) mem-
branes as template. Since in the PC template the pores are
more cylindrical than hexagonal, this had a direct effect on
the morphology of the disklike nanoparticles. In a typical
experiment, similar to the process for the AAO membrane,
the rods are synthesized in the nanoporous “mold” by
sequential electrodeposition. However, here we need to
slightly adjust the electroplating conditions since the pore
diameter is smaller and the nature of the membrane is
different. The preparation of gold disklike nanoparticles
within the pores of PC membranes is adapted from Scheme
1 with minor changes for the extraction of the nanoparticles
from the pores. The main difference between the two types
of membrane is in the etching process. While the etching of
AAO membrane is performed with sodium hydroxide, the
PC membrane is dissolved in methylene chloride. Figure 3
inset shows a close-up image of the free-standing Cu-Au
nanodisk arrays after the membrane etching process. More-
over, gold disklike domains are apparent at the end of the
arrays before the chemical dissolution of copper takes place.

Figure 1. (A) A typical SEM image of the fabricated Cu-Au
nanodisk arrays embedded in the nanochannels of the AAO template
(scale bar: 1 µm). (B) SEM image of free-standing Cu-Au nanodisk
after removal of alumina template with 2 M NaOH. (C) Uniformity
of morphology is demonstrated by SEM images of Au disklike
nanoparticles after etching with NaOH and chemical oxidation with
ammonium persulfate (NH4)2S2O8 (scale bar: 200 nm). Insets:
Closeup images of Au-disklike nanoparticles of 50 nm thickness/
100 nm diameter (scale bar: 50 nm). (D) Calibration graph of Au-
disk thickness versus time passed at a constant current of 0.40 mA.
Inset: SEM image of Au disk segments of different thickness (L)
obtained at different deposition times. Scale bar: 2 µm. (E) The
corresponding energy-dispersive X-ray spectroscopy (EDS) of the
Au disklike segments of controlled thickness. Top two insets show
an STEM image of a 100 nm diameter single Au disklike
nanoparticle and a diffraction pattern which shows the crystalline
nature of the gold segment. (F) Top-view SEM images of anodized
alumina membrane templates with different pores diameter: 30
(left), 100 (middle), and 200 nm (right), respectively. Scale bars:
50, 250, and 500 nm, respectively.
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Furthermore, the final copper-oxidation step takes place and
results in the formation of gold disklike nanoparticles as seen
in Figure 3. The obtained nanodisks are 15 nm in diameter
and ∼30 nm in height only. This clearly shows the
nanoparticle dimensions flexibility achieved by the proposed
synthesis.

In addition, but not less important, significantly reduced
thickness in the disklike nanoparticles can be achieved
through the use of pulsed-current electrochemistry. Figure
4A describes a square-wave pulsed-current sequence which
shows that deposition occurs at a strong negative pulse,
whereas a positive pulse is applied to ensure that there is no
further reduction process. The dead time allows the ion
concentration to recover before the next pulse is applied thus
enabling the ions to reach steady state before the next pulse.

Introducing a delay time, toff, of 0.4 s was sufficient to
ensure restoration of a high gold-ion concentration at the
pore bottom before the subsequent deposition pulse was
applied.

In principle, the pulsed technique enables ultrafine control
over the charge passed through the cathode (working
electrode) which determines the thickness of the disklike
nanoparticles with almost monolayer or atomic precision.
Clearly, nanodisks of extremelly low aspect ratio, less than
5 nanometers thick, are readily obtained, Figure 4, panels B
(including inset) and C. Moreover, a precise, smoother
surface of the disklike nanoparticles can be achieved as well,
Figure 4C inset. Generally, if we are interested in obtaining
an extremely low aspect ratio for the disklike nanostructures,
the pulsed technique is a more reliable and controllable
method than the constant current or constant potential
approaches. In addition, the pulsed-current technique com-
pensates for the slow diffusion-driven transport in the
hydrophobic small diameter pores of the polycarbonate
membrane.

Figure 2. (A) A flow-controlled electrochemical cell setup used to
perform the sequential electrodeposition and washing steps. (B)
Illustration of the high-throughput disks synthesis (scale bar: 1 µm).
Inset: Close up SEM image of the enormous amount of single
component gold disklike nanoparticles prepared in a single mem-
brane template by multiple deposition steps. (C) High throughput
platform synthesis of Au disklike nanoparticles achieved after the
sacrificial copper dissolution reaction with ammonium persulfate
of Au nanosegmented disks solutions with density of about ∼ 1.5,
7.5, 12 × 1010 disks/cm2 where each exhibits a different charac-
teristic color. (D) Experimental absorption spectrums of Au-disklike
nanoparticles in aqueous solutions of Au-disklike nanoparticles
solutions of increasing concentrations with an aspect ratio (thick-
ness/diameter) of 0.32.

Figure 3. A SEM cross-section image of ∼30 nm thickness Au
disklike nanoparticles synthesized inside a 15 nm polycarbonate
template membrane. Scale bar: 60 nm. Inset: Close-up SEM image
of four-block disegmented Cu-Au rods before dissolution of the
sacrificial copper segments. Scale bar: 40 nm.
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Synthesis of Metallic Dicomponent Au-Ni Disklike
Nanoparticles. Bimetallic nanoparticles can be obtained as
alloy or core/shell particles to provide the freedom required
for proper tuning according to the needs of the intended
application.37,38 Alloy nanoparticles are often produced by
the simultaneous reduction of two metal ions,39 while the
growth of the core-shell structure can be accomplished by
the successive reduction of one metal ion over the core of
the other metal.40 In this work, we propose an original tech-
nique for preparing second-generation novel nanoparticles
that consist of dicomponent disklike nanoparticles. For the
dicomponent nanoparticles, we chose metals that possess
unique properties: a gold segment that offers excellent

conductivity and also serves as a platform for binding
biological elements such as DNA and antibodies through
thiol chemistry and a ferromagnetic nickel segment that can
impart magnetic properties to the nanoparticles under a
magnetic field. This enables easy manipulation for using
these nanoparticles as a platform for separation techniques.
The formation of disegmented disklike nanoparticle-archi-
tecture is followed by a procedure similar to that shown in
Scheme 1, with minor changes. Briefly, in the synthesis of
the dicomponent disklike nanoparticles, a one-step elec-
trodeposition of sacrificial copper is performed, followed by
sequential electrodeposition of gold (0.39 mA/cm2 for 17
min) and nickel (4 mA/cm2 for 2.5 min) under galvanostatic
or current-pulse conditions, depending on the required disk
dimensions, by tuning the amount of charge that passes
through the working electrode and ending with membrane
etching in 2 M NaOH and sacrificial copper-domain dis-
solution in 0.2 M ammonium persulfate. In this way,
disegmented disklike nanoparticles are obtained. SEM images
of dicomponent Au-Ni disklike nanoparticles are shown in
Figure 5A and its inset. Once more, EDS was performed
and the presence of the nickel and gold segments confirmed,
Figure 5B. Figure 5B bottom inset shows an STEM image
of a single 100 nm diameter dicomponent Au-Ni disk like
nanoparticle. The diffraction pattern reveals that also the Ni
segment grows crystalline (data not shown). One of the
highlights of these new nanoscale building blocks is il-
lustrated by their multifunctionality; they can be tailored to
the required application. For example, the magnetic feature
of these disegmented Au-Ni disklike nanoparticles can be
implemented in certain applications, but after achieving their
purpose and should the nickel part no longer be needed we
can carry out segment-selective chemical etching with
FeCl3·6H2O to dissolve the nickel domain, leaving only the
gold disklike nanoparticles (data not shown). The diseg-
mented Ni-Au disklike nanoparticles can also be synthesized
with very small aspect ratios and with very thin nickel and
gold segments, as shown in Figure 5C and its inset.

Metallic Multicomponent Au-Ni-Pt Disklike Nanopar-
ticles.This promising strategy in the development of new
nanoscale building blocks led us to strive for further
improvement of our fabrication technique and led to the
achievement of multicomponent nanoparticles. Obtaining
Au-Ni-Pt disklike multicomponent nanoparticles where
each segment of the nanoparticles possesses unique physical
and chemical properties could provide diversity and multi-
functionality of the novel hybrid building blocks. This
multifunctionality will allow these hybrid nanostructures to
perform several tasks simultaneously. Figure 6A sketches
the general procedure for the preparation of Au-Ni-Pt
multicomponent disklike nanoparticles.

Initially, sacrificial-copper electrodeposition took place at
-0.42 V (versus Ag/AgCl) for 10 min to fill the pores inside
the alumina template. An extra advantage of the electrodepo-
sition of copper as a first step is that the pores fill uniformly.
Then, electrodeposition of gold, nickel, and platinum is
carried out sequentially to obtain the desired pattern of the
multicomponent disklike nanoparticles. This is performed by

Figure 4. (A) Schematic view of current pulse applied during
electrodeposition. First a current-limited negative pulse tpulse is
applied to deposit Au. Then a positive pulse is applied in order to
make sure that there is no reduction process further occurring. The
cycle is repeated after toff in order to avoid depletion of metals
ions near the deposition interface and to allow time for the ions to
reach steady state. (B) A SEM image of alternating thickness of
the Au disklike shape which are separated by the copper sacrificial
layer at different deposition time using the pulse technique. Scale
bar: 700 nm. Inset: Close up SEM image shows how extremely
low aspect ratios of the Au disk can be achieved at a short time
using the pulse deposition approach. The distance between the white
arrows is ∼4-5 nm. (C) Au calibration curve of nanodisks thickness
vs deposition time obtained by the current-pulse approach. Inset:
A SEM image showing the smooth surface morphology obtained
by the current-pulsed approach. Scale bar: 200 nm.
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Figure 5. (A) Backscattering electron SEM image of dicomponent
Au-Ni disklike nanoparticles. A collection of Au-Ni disklike
nanoparticles demonstrates uniformity in the production of the
resulting disklike nanoparticles. Scale bar: 200 nm. Inset: Close
up SEM view of the resulting dicomponent Au-Ni disk like nano-
particles. Scale bar: 100 nm. (B) Energy-dispersive X-ray spec-
troscopy (EDS) of Ni and Au domains. Top Inset: Backscattering
electron SEM image of single dicomponent (Au, 50 nm)/(Ni, 40
nm) disklike nanoparticles with a diameter of approximately 100
nm. Bottom Inset: STEM image of a single 100 nm dicomponent
Au-Ni disklike nanoparticle. (C) SEM images of smooth ultrathin
Au/Ni nanoflakes obtained by the current-pulse technique. (Left)
Disks of 0.2 aspect ratio (scale bar, 50 nm), inset scale bar, 20 nm
(right) disks of 0.05 aspect ratio.

Figure 6. (A) General scheme for the synthesis of multisegmented
disklike nanoparticles by the sequential deposition of material into
nanoporous (AAO, Polycarbonate) templates. Specifically, elec-
trodeposition of alternating electrolytes Au, Ni, and Pt was carried
out sequentially, followed by wet chemical etching of the sacrificial
copper layer which led to the multicomponent disk nanoparticles.
(B) SEM image of multicomponent Au-Ni-Pt disklike nanopar-
ticles exhibits clear contrasts between the three different segments
(bright Au ends, dark Ni, and bright Pt domain), resulting from
procedure described in (A). Inset: Close-up SEM image of a
collection of multicomponent Pt-Ni-Au disklike nanoparticles
demonstrates the uniformity of the resulting disklike nanoparticles.
Scale bar: 95 nm. (C) Energy-dispersive X-ray spectroscopy (EDS)
of the Ni, Pt, and Au domains of a single tricomponent nanoparticle.
Inset: Close-up SEM image of single tricomponent Au-Ni-Pt
disklike nanoparticle with a diameter of ∼100 nm.
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empirically tuning the time and current density of each
deposition step. Dissolution of the membrane and sacrificial-
copper segments results in the formation of the multiseg-
mented disklike nanoparticles. The physical dimensions and
morphology of the multicomponent disklike nanoparticles
were measured by SEM as shown in Figure 6B and its inset.
Further chemical analysis of the Au-Ni-Pt disklike nano-
particles performed by EDS reveals the composition of each
of the segments of the multicomponent nanostructure, Figure
6C. The electrochemical process described in Figure 6A is
readily generalized for the preparation of other metal,
semiconductor, and polymer hybrid multicomponent disklike
nanoparticles. In addition, alloy-disks of unlimited alloy
composition can be readily synthesized by our methodology,
a task difficult or impossible to achieve by nanoparticles
conventional synthetic methods.

At this point, we have established some important steps
in the methodology that utilizes template synthesis to form
a novel family of nanoscale building blocks. We have
presented schemes for the production of different configura-
tions of metal units that would function as single segments
within multicomponent metallic disklike nanoparticles. We
have shown that by controlling current density and deposition
time we can obtain shape and dimension-controlled nano-
particles of defined chemical composition and morphology.
A further step in improving and constructing new types of
nanoscale building blocks was to ensure that disklike
nanoparticles would not be limited to metal segments only,
but would also be able to combine with other materials such
as conducting polymer and semiconductors.

Hybrid Metal/Conducting Polymer Disegmented, Au-Ppy,
Disklike Nanoparticles. Chemical template synthesis of a
polymer can be accomplished by simply immersing the
template membrane into a solution containing the monomer
and a polymerization-inducing reagent.41 This process has
been used to produce a variety of conductive polymers within
the template pores. The other method involves electropoly-
merization.42,43 Up to now, researchers have created a number
of unique 1D high-aspect ratio nanostructures, including
bundles,44 rods,45 and core-shells,46 by using hybrid struc-
tures consisting of segments of conducting polymers and
metals. First, discrete polymer nanodisks can be synthesized
by the simple eletropolymerization of the monomers, aniline
or pyrrole, as shown in Figure 7A. In this study, we also
introduce novel hybrid inorganic-organic (metal/polymer)
disegmented nanoparticles. The steps involved in the prepa-
ration of the gold/conducting polymer composite nanopar-
ticles are similar to those illustrated in Figure 6A. Briefly,
sacrificial-copper segments were electrodeposited as shown
before, followed by sequential electrodeposition/electropo-
lymerization of gold and polypyrrole (Ppy), or polyaniline
(PANI), disk segments of the desired height. Dissolution of
the membrane template and sacrificial-copper segments leads
to free-standing hybrid Au-Ppy disegmented disklike nano-
particles, as shown in Figure 7B and top inset. At the gold/
polymer interfaces, a slight reduction in diameter is observed.
This is caused by shrinking of the soft polymeric segments
after the release of the disegmented nanoparticles from the

Figure 7. (A) SEM images of polypyrrole and polyaniline disklike
nanoparticles of 100 nm diameter. Top insets: Larger scale
magnification SEM images of the respective polymer nanodisks.
(B) SEM image of hybrid metal/conducting-polymer Au-Ppy
disklike nanoparticles, after dissolution of the Cu sacrificial
segments, revealing the uniformity of the method on the resulting
disklike nanoparticles. Scale bar: 120 nm. Top inset: Larger area
magnification of the hybrid Au/Ppy nanodisks after deposition on
a clean silicon wafer substrate. Scale bar: 120 nm. Bottom Inset:
Ppy disk nanoparticle on a silicon wafer after selective dissolution
of gold segment. (C) The energy-dispersive X-ray spectroscopy
(EDS) of the Au-Ppy disklike nanoparticles. Inset: Close-up SEM
image of ∼100 nm diameter Au-Ppy disklike nanoparticles. (D)
Absorption spectrum of Ppy-disklike nanoparticles (100 nm thick-
ness/100 nm diameter) in methanol. Inset: A dark-brown methanol
solution consisting of Ppy nanodisks.
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membrane template. Further selective dissolution of the gold
segments (if required in particular applications) leads to a
single segment of conductive polypyrrole, Figure 7B bottom
inset. Again, EDS analysis, Figure 7C, shows the expected
chemical composition analysis for both segments. The
UV-vis absorbance spectrum of a solution of polypyrrole
disklike particles in ethanol, Figure 7D, which shows a broad
peak at ∼480 nm, confirms the presence of polypyrrole.47

In addition, we have successfully synthesized bipolymer
PPy/PANI hybrid nanodisks (data not shown) with a
controlled combination of both polymers.

Such novel segmented metal-polymer nanoparticles could
be relevant in the near future to sensing or catalytic
applications. For example, the polymeric component could
be used for conjugating or trapping biomolecules or chemical
species during electrochemical polymerization. In particular,
Ppy is an ideal electroactive polymer for drug-delivery
applications as a result of its highly favorable biocompat-
ibility. Also, these polymer-metal nanohybrid particles could
find many exiting future applications, such as sensing
experiments, drug delivery, and photovoltaic devices.

Metallic/Semiconductor Multisegmented Ni-Au-CdTe
Disklike Nanoparticles.We have also developed a versatile
technique for the production of multisegmented disklike
nanoparticles, which incorporate semiconductor materials as
well.48 CdTe (II-VI group) has become one of the most
attractive semiconductors because of its optimum energy-
band gap (Eg ) 1.44 eV), high optical absorptivity, and
photovoltaic properties, which are useful in solar-cell de-
vices.49

Multicomponent disklike nanoparticles comprising Ni-
Au-CdTe have been synthesized by sequential electroplating
as done previously. In synthesizing the semiconductor
section, the ratio of Te to Cd is greatly influenced by the
concentration of HTeO2

+ ions. Specifically, the rate of
tellurium deposition is proportional to [HTeO2

+] in solution
and the rate of CdTe deposition is, in turn, limited by the
deposition rate of tellurium.50 Again, production of these
multicomponent disklike nanoparticles followed the sequen-
tial-deposition process described in Figure 6A.

Shortly, after sacrificial copper is electroplated followed
by the sequential electrodeposition of gold, CdTe, and nickel
segments at 0.39, 0.90, and 4 mA/cm2, respectively, the
template membrane and copper segments are dissolved. This
produces free-standing multicomponent disklike nanopar-
ticles, as shown in Figure 8A,B. This clearly shows the ability
to integrate semiconductor segments into the multicomponent
hybrid nanoparticles. Thus, nanoparticles combining multiple
functions, for example, magnetic, photoluminiscent, and
conductive properties, can be obtained by this approach. We
are currently investigating the photoluminescent properties
of hybrid metal/semiconductor and polymer/semiconductor
nanoparticles for a wide variety of applications.

Furthermore, other semiconductor materials, such as CdS,
CdSe, ZnS, ZnO, GaAs, and so forth, can be readily
electrodeposited and integrated into the multicomponent disk
nanoparticles.51-54

We show for the first time the synthesis of multicomponent
disklike nanoparticles of unlimited dimensions and chemical
composition control. We have developed a simple, clear and
novel synthesis for the construction of a new generation of
disklike nanoscale building blocks comprising discrete seg-
ments of predesigned dimensions and chemical composition.
This versatile template-assisted sequential electrochemical
synthetic approach has proven to be an effective route for
the preparation of an extraordinarily wide range of metallic,

Figure 8. (A) A backscattered SEM image of the tricomponent
Ni-Au-CdTe disklike nanoparticles. Scale bar: 120 nm. Inset: A
close-up SEM image of a single multicomponent disk nanoparticle.
(B) The EDS spectra of different segments along the trisegmented
disklike nanoparticles. Inset: Close-up SEM image of a ∼100 nm
diameter trisegment Ni-Au-CdTe disklike nanoparticle. Scale bar:
35 nm.
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semiconductor, and polymeric hybrid multicomponent disk-
like nanoparticles. In addition, large-scale synthesis, repro-
ducible shape and dimensions have also been achieved
through fully controlling times, rates, and plating technique
of electrodeposition for each segment. The surface chemistry
of each segment of the disklike nanoparticles may be further
exploited as a result of the unique chemical properties of
the different materials and can offer considerable diversity
and multifunctionality of the novel nanostructures.

The forthcoming applications, which take advantage of
the preprogrammed multifunctionality, will enable the hybrid
disklike nanoparticles to perform several tasks simulta-
neously. As a result, a variety of novel and exciting
applications for the multicomponent disklike nanoparticles
can be achieved in several interdisciplinary fields, such as
the use of the novel hybrid nanoparticles as contrast label
agents in in vivo MRI imaging experiments. A broad range
of applications of the new hybrid nanodisk particles are
currently under investigation.
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