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Recently, much effort has been directed toward the
fabrication of shape-selective nanostructures because of their
exquisite size and shape-dependent properties and their
technological relevance in diverse areas such as catalysis,
photochemistry, chemical sensors, and optoelectronics.1

These nanostructures are generally synthesized in many
forms, including highly monodispersed spherical nanopar-
ticles to several anisotropic nanostructures such as wires/
rods, tubes, and ribbons.2 It is generally accepted that the
morphology of a nanostructure could be remarkably tuned
during the synthesis by controlling pertinent parameters such
as temperature, nature of surfactant, metal ion to capping
molecule ratio, and the concentration of other additives in
order to control the physical and chemical properties of these
materials.3 As a result, various methods have been developed
to generate many of these nanolevel architectures with good
shape control.4 Among these, the template-assisted route has

been one of the widely investigated and exploited approaches,
because it provides several distinct advantages over other
approaches. More importantly, it offers a convenient route
to precisely control the dimension of the nanostructures, and
these structures can be released easily from the support.5

Templates that can be used include soft (such as micelles)
as well as hard (such as porous polymeric membrane, anodic
alumina membrane) templates.6 In particular, hard templates,
like porous anodic alumina membrane (PAAM), have been
extensively used because of many desirable characteristics,
including tunable pore dimensions and lengths, good me-
chanical and thermal stability, and well-developed fabrication
methods.7 Although processing inside these type of porous
templates is ideal to produce uniform morphologies, this
route has been accomplished to date successfully only for
linear structures. Interestingly, fabrication of three terminal
morphology like Y-junctions are potentially promising for
the development of molecular-scale electronic
devices.8However, the fabrication of these junctions are
difficult to achieve using conventional methods because the
linear structure cannot be controllably altered along its length.
Consequently, various ideas for postgrowth modifications
have been attempted, including electron beam welding to
form molecular junctions,9 although these have been hard
to implement and are prone to create defects.

In this communication, we report the first example of the
fabrication of Y-shaped platinum nanostructures. Platinum
has been selected because of its outstanding role as multi-
functional catalysts in many industrial applications, particu-
larly in fuel cells.10We use PAAM with controlled branching
to grow individual Y-junction platinum nanostructures via
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an electrochemical route. Although a few reports are avail-
able on the formation of Y-junction carbon nanotubes,11 only
limited progress has been made to date on the synthesis of
metallic Y-junction or branched nanostructures.8b,12 For
example, Choi et al. have reported the fabrication of
hierarchically ordered branched silver nanowires using
PAAM.12b Our Pt Y-junctions show unique electrocatalytic
activity for formic acid and ethanol oxidation (two important
reactions for microfuel cells) in comparison with that of
commercial platinized carbon and nanowires of platinum.

Scanning electron micrographs (SEM) of the anodic alumi-
num oxide template with Y-branched nanochannels (cross-
sectional view; shown in the Supporting Information, Figure
SI-1) have been fabricated via an extended two-step anodization
as reported elsewhere.8b,11b (experimental details in the Sup-
porting Information) Close examination of the micrograph
reveals Y-branched nanochannels with stems and branches of
about 100 and 50 nm diameters, respectively. Furthermore, the
angle between the two branches is about 8°, as shown in the
micrograph, although these parameters could be controlled
systematically by varying temperature, anodization time, and
nature and concentration of the electrolyte.

A typical field-emission scanning electron micrograph
(FESEM) of the top view of the Pt Y-junction nanostructures
(before dissolving the membrane), prepared using the above
hierarchically designed alumina template, is shown in Figure
1a, where the image reveals that almost all the pores are
effectively filled with Pt (experimental details in the Sup-
porting Information). Further, FESEM image of Pt Y-junction
nanostructure after dissolving the membrane in 0.1 M NaOH
is shown in Figure 1b-d, where the images clearly reveal
uniform Y-junctions with well-defined branches and stems
having diameter ca. 100 and 50 nm, respectively, in close
agreement with those of the Y-branched alumina nanochan-
nels. In addition, the angle between the branches is ca. 12°,
slightly higher compared to that of the template, perhaps
because of the tendency of the structure to release the strain
involved at the junction after the dissolution of the mem-
brane. Also, Figure 1e shows the SEM image of some broken
Y-junction nanostructures, presumably formed during puri-
fication. In addition, the energy-dispersive X-ray analysis
(EDX) spectrum is shown in Figure 1f, which confirms the
complete removal of Al from the sample (Si peak seen in
the spectrum, could be from the substrate).

Because these Y-junction nanostructures of platinum are
obtained only after maintaining the electrolyte bath at 80 °C
for 30 min, we have further carried out templated electrodepo-
sition under different conditions, in order to understand the effect
of temperature. Interestingly, at room temperature and at 60
°C, SEM images (not shown for brevity) reveal only tiny
nanorods of Pt, and hence it is absolutely essential to maintain
the bath at a higher temperature like 80 °C to form Y-junctions.
This is because the nanoporous structure of the template,
because of its slow diffusion (Knudsen diffusion), hinders the

deposition rate, which in turn prevents uniformity and quality
of the structure at low temperature. At higher temperature, the
mass-transfer resistance is reduced by decreasing the Nernst
diffusion layer thickness, which facilitates the Y-junction
formation. In contrast, reports are available on the utilization
of ultrasonication during template-assisted electrodeposition to
improve mass-transfer resistance.13

Figure 2a shows the bright-field transmission electron
micrograph (TEM) of such a Y-junction nanostructure, after
removing the structures from the template. Y-junctions reveal
the stem and branches having diameter in complete agreement
with the SEM results. Figure 2b shows the selected area electron
diffraction (SAED) taken from a single Y-junction, where the
ring pattern demonstrates that the structure is polycrystalline
in nature with (111), (200), (220), and (311) planes, could be(11) (a) Li, J.; Papadopoulos, C.; Xu, J. Nature 1999, 402, 253. (b) Meng,
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Figure 1. FESEM image of Pt Y-junction nanostructure (a) before dissolving
the membrane (top view; scale bar 300 nm); (b-d) after etching the alumina
template in 0.1 M NaOH, where the diameter of the stem and branches are
ca. 100 and 50 nm, respectively (scale bar 200, 100, and 100 nm,
respectively); (e) some broken Y-junction nanostructures (scale bar 100
nm); figure (f) shows the EDX spectrum taken from the Pt Y-junction.

Figure 2. (a) TEM image of Y-junction platinum nanostructures after
etching the alumina membrane; the SAED pattern (b) taken from a single
Y-junction reveals that the structure is polycrystalline in nature.
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indexed to the face-centered cubic (fcc) structure of Pt.14

Similarly, powder X-ray diffraction patterns (not shown for
brevity) of these structures also match well with the Bragg
reflections of the standard and phase-pure fcc structure of Pt;
the crystallite size calculated using the Scherrer formula is ca.
9.2 nm, considering (111) reflections.

To explore the catalytic activity of these Y-shaped platinum
nanostructures, we have investigated their utility for the electro-
oxidation of formic acid and ethanol, which are two promising
reactants for direct type of microfuel cells. Accordingly, (Figure
3a.) shows a comparison of transient current density of formic
acid oxidation at -0.24 V (potential selected from cyclic
voltammogram) on the Pt/C (commercial platinized carbon),
Pt-Y/C (Y-junction Pt nanostructure in vulcan XC -72 carbon)
and Pt-NW/C (Pt nanowires in vulcan XC -72 carbon) at room
temperature. The oxidation current has been normalized to
electroactive Pt surface area (APt) so that the current density (j)
can be directly used to compare the catalytic activity of both
the samples. Interestingly, the oxidation current density on Pt-
Y/C is significantly higher compared to that on both Pt-NW/C
and Pt/C and the enhancement factor R, which is defined as
the ratio of the current density measured on Pt-Y/C versus that
acquired on Pt-NW/C or Pt/C, varies from 270 to 120% for
Pt/C and from 200 to 80% for the Pt-NW/C sample depending
on the electrode potential. Furthermore, from the steady state
I-V plot (in which the steady-state current density is obtained
from the current transients recorded for 60 s for various
potentials, –0.44 to +0.16 V), we observe that at a given current
density, the corresponding potential on Pt-Y/C is much lower
than that for Pt-NW/C and Pt/C. Further, the value is shifted
negatively by ca. 90 mV at a current density of 9.5 × 10-5

A/cm2 with respect to that of Pt/C, whereas the shift is ca. 40
mV as compared with Pt-NW/C. Recently Wang et al. have
seen for tetrahexahedral platinum nanocrystals that at a given
oxidation current density, these tetrahexahedra show a negative
shift in potential by 60 mV compared to that on Pt/C catalyst

toward formic acid oxidation, which is indeed significantly
lower compared to that of Pt-Y nanostructures.15

Similar studies have been performed for ethanol oxidation,
and the transient current density response of the three samples
(Pt-Y/C, Pt-NW/C, and Pt/C) are shown in Figure 3b for
comparison.

Interestingly, the transient current density on Pt-Y/C at
-0.04 V is enhanced to 180% of that on the Pt/C and 130%
of that on Pt-NW/C, and the enhancement factor varies
between 180 and 120% in the potential region of -0.2 to
0.16 V for the Pt-C sample, whereas the factor varies from
130 to 90% for Pt-NW/C. Also from the potential-dependent
current density curve (Figure 3d), it is obvious that the
potential on Pt-Y/C is shifted negatively by 70 mV as
compared to that of Pt/C, whereas a 20 mV shift with respect
to that of Pt-NW/C occurs at the same current density of
5.5 × 10-6 A/cm.2 Hence, the Pt-Y nanostructures exhibit
much enhanced catalytic activity per unit surface area for
the oxidation of formic acid and ethanol. This could be
perhaps due to the high density of active sites on the surface
of Y-junction Pt (large surface area is expected for these
high-aspect-ratio nanostructures), and in addition, it is
presumed that the branched regions also enhance the activity
because of a large field gradient. This is clearly obvious on
comparison of the performance of both Y-junctions and linear
structures (nanowires) of Pt. Further studies are essential to
understanding the reason for the enhanced catalytic activity.

In summary, the use of a hierarchically designed template
of porous anodic alumina membrane enables the fabrication
of Y-junction nanostructures of platinum (possessing stem
and branches having diameter 100 and 50 nm, respectively,
and the angle between the branches is almost 12°). These
structures exhibit enhanced electrocatalytic activity for the
oxidation of formic acid (up to 270%) and ethanol (up to
180%) compared to that of Pt/C, whereas with respect to
Pt-NW/C, the enhancement is up to 200% for formic acid
and up to 130% for ethanol oxidation, which are of relevance
to fuel cell technology. Moreover, the potential on Y-junction
platinum is shifted negatively by ca. 90 mV as compared
with Pt/C, whereas the shift is ca. 40 mV with respect to
Pt-NW/C at the same current density. Similarly, for ethanol
oxidation, the negative shift is 70 and 20 mV with respect
to Pt/C and Pt-NW/C, respectively. The present method of
fabrication of Y-junction nanostructures using hierarchical
alumina templates could be extended to other metallic/
semiconducting systems because this morphology provides
great opportunities for the development of various fields
including nanoelectronics.
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Figure 3. Comparison of electrocatalytic activity of Pt-Y/C, Pt-NW/C, and
Pt/C. (a, b) Transient current density curves of formic acid (at –0.24 V)
and ethanol oxidation (at –0.04 V), inset shows the enlarged view; (c, d)
potential-dependent steady-state current density for both formic acid and
ethanol oxidation reactions.
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