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ABSTRACT

Pd—Pt core—shell nanoplates with hexagonal and triangular shapes were synthesized through the heterogeneous, epitaxial growth of Pt on
Pd nanoplates. The Pd nanoplates were synthesized by reducing Na,PdCl, precursor with PVP as a reducing agent, which then served as
seeds for the nucleation of Pt atoms formed by reducing H,PtCl; with citric acid. Characterization of the as-prepared Pd—Pt nanoplates by
scanning transmission electron microscopy and high-resolution transmission electron microscopy reveals that a thin, uniform Pt shell was
formed around the Pd nanoplate, demonstrating the layer-by-layer epitaxial growth of Pt on Pd surface in this approach. The close lattice
match between Pd and Pt (lattice mismatch of only 0.77%) and the slow reduction rate associated with the mild reducing power of citric acid
play key roles in achieving the epitaxial growth of Pt shells on Pd nanoplates.

Hybridization provides an effective strategy for enhancing
the functionality of materials.' It is also possible to tune the
catalytic, electronic, and optical properties of metal nano-
particles by incorporating a secondary metal on their sur-
faces.? Platinum serves as a major catalyst in many types of
reactions due to its exceptional and unique properties as a
catalyst for CO oxidation in a catalytic converter, the
oxidation and reduction reactions in a fuel cell, nitric acid
production, and petroleum cracking.> As Pt is extremely
expensive, it is highly beneficial to reduce the amount of Pt
required in processes where it is essential. In addition, it has
been emphasized that the exposure of specific crystal facets
that are more intrinsically active for a particular process could
improve the efficiency and selectivity of Pt nanocatalysts.*
It has been shown that deposition of Pt on a Pd single-crystal
surface can reduce the material cost while enhancing their
catalytic activity. For instance, a Pt monolayer supported on
a Pd {111} surface shows an improved activity for oxygen
reduction reaction (ORR) relative to pure Pt {111} surface.’
In addition, it has been shown that the heterointerface
between the Pd core and the Pt shell of a Pd—Pt core—shell

* Corresponding author, xia@biomed.wustl.edu.

T Department of Biomedical Engineering, Washington University.
# Department of Materials Science, University of Texas at Dallas.
§ Department of Chemistry, Washington University.

10.1021/n18016434 CCC: $40.75
Published on Web 07/11/2008

[0 2008 American Chemical Society

nanoparticle provides a favorable environment for metal
hydride formation, making them useful for hydrogen storage
applications.®

Heterogeneous epitaxy has long been used in gas-phase
deposition to prepare functional heterostructures or junctions.’
Recently, various bimetallic core—shell nanostructures con-
sisting of noble metals such as Au, Ag, Pd, and Pt have been
explored via heterogeneous epitaxial growth in the solution
phase, in which preformed nanocrystals served as seeds for
the nucleation and growth of a secondary metal with a
different chemical identity.® To this end, Mirkin and co-
workers synthesized triangular Au—Ag core—shell nano-
plates by introducing Au and Ag nanoparticles into a
photochemical process that converts Ag nanoparticles into
nanoplates surrounding the Au cores.®® Yang and co-workers
used Pt cubes as seeds for conformal growth of Pd cubes,
cuboctahedra, and octahedra and for nonconformal aniso-
tropic growth of Au rods.® Tian and co-workers utilized
octahedral Au nanocrystals as seeds to induce either epitaxial
growth of Ag and Pd cubes or nonepitaxial growth of
polycrystalline Pt shells surrounding Au cores.® There are,
however, very few reports on the synthesis of binary metallic
nanocrystals decorated with thin, uniform Pt shells despite
the fact that these nanostructures would be promising for
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Figure 1. Schematic illustration of the formation of Pd—Pt
core—shell nanoplates through epitaxial growth of Pt shells on Pd
nanoplates with hexagonal and triangular shapes.

the development of highly active, cost-effective nanocata-
lysts.

Here we report the facile synthesis of bimetallic nanoplates
with the cores being Pd nanoplates and the shells being made
of Pt. The Pd nanoplates can have either a hexagonal or
triangular shape and can serve as seeds for the nucleation
and growth of Pt. Compared to other noble metals, Pd is
expected to be well-suited for achieving conformal epitaxial
growth of Pt due to a lattice mismatch of only 0.77% between
these two metals. More significantly, Pd nanocrystals have
recently been prepared in a rich variety of different shapes,
making them ideal seeds for shape-controlled synthesis of
Pt nanocrystals. Here we demonstrate that the epitaxial
growth of Pt on a Pd seed can be achieved from the reduction
of a Pt precursor by citric acid in an aqueous solution, leading
to the formation of a thin, uniform Pt shell around the Pd
nanoplate (Figure 1). Importantly, this work not only provides
a novel core—shell nanostructure that has not been accessed
by other methods but also opens a new way for the shape-
controlled synthesis of binary Pd—Pt core—shell nanocrys-
tals.

The Pd nanoplates were synthesized by reducing Na,PdCl,
with poly(vinyl pyrrolidone) (PVP, MW = 55000) in
aqueous solutions as reported previously.’ In a typical
procedure, 3 mL of 21.4 mM aqueous Na,PdCly solution
was added to 8 mL of 0.08 mM aqueous PVP solution and
heated at 80 °C in air under magnetic stirring for 24 h. The
molar ratio of the repeating unit of PVP to the Pd precursor
was 5:1. Figure 2 shows transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) images of
the resulting Pd nanoplates. The sample contained both
hexagonal and triangular nanoplates with edge lengths in the
range of 50—100 nm. The thickness of the nanoplates was
measured to be 24 & 2 nm. The Pd nanoplates exhibit sharp
edges and corners as well as smooth surfaces. The electron
diffraction (ED) pattern taken from the Pd nanoplate is
composed of diffraction spots with a 6-fold rotational
symmetry (see the inset of Figure 2A), indicating that the
top and bottom faces of the Pd nanoplate are enclosed by
the {111} planes.

The Pd—Pt core—shell nanoplates were synthesized by
reducing H,PtClg with citric acid in the presence of the Pd
nanoplates as seeds and PVP as a stabilizing agent in an
aqueous solution, respectively. In a typical experiment, 6 mL
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Figure 2. (A) TEM and (B) SEM images of Pd nanoplates
synthesized by reducing the Na,PdCly precursor with PVP. The
molar ratio of the repeating unit of PVP to the Pd precursor was
5:1. Inset of (A) gives the corresponding electron diffraction pattern,
showing that the top and bottom faces of the Pd nanoplates are
bounded by {111} planes.

of an aqueous solution containing H,PtCle (10.7 mM), citric
acid (52.0 mM), and PVP (0.11 mM in terms of the repeating
unit) was mixed with 4 mL of the as-prepared Pd nanoplate
solution and heated to 80 °C in air under magnetic stirring
for 5 h. After the reaction, the product was collected by
centrifugation. The TEM image of the product shows that
the nanoplates tended to stack and lie on the TEM grid
against one of their side faces rather than the top and bottom
faces (Figure 3A). The thickness of the product was estimated
to be 28 & 2 nm. The high-resolution TEM (HRTEM) study
reveals that there are {111} twin planes parallel to the top
and bottom faces of the nanoplates (Figure 3B). The SEM
image clearly shows that the product retains the morphologies
of hexagonal and triangular plates as well as the smooth
surface (Figure 3C). Both TEM and SEM images show the
absence of isolated Pt nanoparticles. The SEM/EDX analysis
indicates that the weight percentage for Pt in the product
was 14% (Figure 3D).

We performed scanning transmission electron microscopy
(STEM) and EDX line scanning analyses to reveal the
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Figure 3. (A) TEM and (B) HRTEM images taken from the side faces of Pd—Pt nanoplates. In (B), it can be clearly seen that there are
{111} twin planes parallel to the top and bottom faces of the nanoplate. (C) SEM image of the Pd—Pt nanoplates. (D) EDX spectra taken

from the Pd and Pd—Pt nanoplates, respectively.

compositional variation over the Pd—Pt nanoplate. The
STEM image and the compositional line profile taken from
the top face of a single hexagonal nanoplate indicate that Pt
atoms were deposited on the flat top and bottom faces, as
well as the side faces of the Pd hexagonal nanoplate (Figure
4A,B). The STEM image and three compositional line
profiles on a single triangular nanoplate also confirm the
deposition of Pt atoms on the entire surface of the triangular
nanoplate (Figure 4C—F). These results demonstrate the
successful preparation of the core—shell nanostructure
consisting of the Pd nanoplate as a core and a complete shell
of Pt.

We also investigated the compositional variation along the
side faces of the Pd—Pt nanoplate. As shown in the STEM
image (Figure 5A), the Pt layers that cover the top and
bottom faces of the Pd nanoplate exhibit much higher
intensity than the Pd core due to the enhanced contrast from
the difference in atomic numbers between Pd and Pt. We
can see that the Pt shells are very thin, on the scale of 1—2
nm. The compositional line profile along the side faces of
nanoplates also shows a core—shell structure for the Pd—Pt
nanoplates (Figure 5B). The HRTEM images taken from the
side faces of the nanoplates reveal the continuous lattice
fringes from the Pd core to the Pt shell (Figure 5C,D). The
lattice spacings between neighboring fringes in Pd and Pt
regions are measured to be 2.22 and 2.29 A, respectively.
These values are in good agreement with the distances
between two adjacent {111} planes of face-centered cubic
(fcc) Pd (2.25 A) and Pt (2.27 A). These results demonstrate
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the development of the conformal Pt shell through the layer-
by-layer epitaxial growth of Pt on Pd {111} surfaces.

Figure 6 represents the HRTEM images taken along a
direction perpendicular to the top faces of the hexagonal and
triangular Pd—Pt nanoplates. Both the hexagonal and trian-
gular nanoplates exhibited the flat {111} surfaces with a
lattice spacing of 1.39 A, which can be indexed as {220} of
Pt. The corresponding Fourier transform (FT) patterns give
arrays of spots with a 6-fold rotational symmetry in both
cases, which can be indexed to the {220} reflections (insets
of panels B and D). These results indicate that the top and
bottom faces of the nanoplates are enclosed by the Pt {111}
surfaces and also that the added Pt atoms continue with the
same crystal structure as the underlying Pd core.

As demonstrated in the syntheses of Pt—Pd and Au—Ag
binary nanocrystals, the close lattice match between the seed
and the deposited atoms plays a critical role in achieving
the conformal epitaxial growth of the second metal.3¢410
When there is a large lattice mismatch between the seed and
the deposited atoms, heterogeneous epitaxial growth is not
favorable due to high strain energy as in the case of the
Au—Pt binary system.3¢ Since a lattice mismatch between
Pd and Pt is very small (only 0.77%), Pd nanocrystals can
be considered as an ideal platform for the epitaxial growth
of Pt shells. It is also worth emphasizing that the slow
reduction rate associated with the mild reducing power of
citric acid also plays an significant role in the conformal
growth of Pt shells on Pd nanoplates.'' Yang and co-workers
have recently reported that in the synthesis of Pt—Pd binary
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Figure 4. (A) STEM image and (B) cross-sectional compositional line profile of a Pd—Pt core—shell nanoplate with a hexagonal shape. (C)
STEM image and (D—F) cross-sectional compositional line profiles of a Pd—Pt core—shell nanoplate with a triangular shape. In the
composition line profiles, blue and red represent Pd and Pt, respectively.

nanocrystals from cubic Pt seeds the increase of reduction
rate led to multiple nucleation of Pd primarily on the corners
of cubic Pt seeds rather than the conformal epitaxial growth
of thin Pd shells despite their small lattice mismatch.'? In
the present work, we believe that both the close lattice match
between Pd and Pt and the slow reduction rate associated
with the mild reducing power of citric acid play crucial roles
in achieving the layer-by-layer epitaxial growth of Pt shells
on Pd nanoplates.

As we and others have demonstrated for the Ag system,
the crystallinity of a seed plays a key role in determining
the final shape of a nanocrystal.'® In contrast to the other
noble metals such as Au, Ag, and Pd, twinned structures
such as plates, icosahedra, and decahedra are rarely found
in Pt nanocrystals probably due to the high internal strain
energy associated with Pt twinned seeds.'* Among all noble
metals, we and other groups have demonstrated probably the
largest number of shapes for Pd.®''!5 The successful
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preparation of Pd—Pt core—shell nanoplates through the
epitaxial growth of Pt on Pd surfaces suggests that the
methodology established for this Pd—Pt system could be
easily extended to generate various single-crystal and twinned
Pd—Pt binary nanocrystals by taking advantage of the wide
range of shapes for Pd nanocrystals.

In summary, we have demonstrated the synthesis of a new
type of hybrid nanostructure in the platelike morphology
consisting of a Pd core and a Pt shell. The formation of such
morphology involved the heterogeneous, epitaxial growth of
Pt on Pd nanoplate seeds. STEM/EDS and HRTEM analyses
revealed the formation of a thin Pt shell on the entire surface
of a Pd nanoplate through conformal epitaxial growth mode.
It is expected that these Pd—Pt nanoplates, combining the
properties from both Pd and Pt, may find use in many
applications including catalytic oxidation, oxygen reduction,
and hydrogenation and hydrogen storage.
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Figure 5. (A) STEM image and (B) cross-sectional compositional line profile taken from the side faces of the Pd—Pt core—shell nanoplates
(Pd, blue; Pt, red). (C, D) HRTEM images of the nanoplates, which show the continuous lattice fringes from the Pd core (lattice spacing
2.22 A) to the Pt shell (lattice spacing 2.29 A).

Figure 6. HRTEM images taken along a direction perpendicular to the flat top faces of (A, B) hexagonal and (C, D) triangular Pd—Pt
core—shell nanoplates. The lattice spacings of 1.39 A can be indexed as {220} of Pt, indicating that the top and bottom faces are enclosed
by the Pt {111} planes. The corresponding FT patterns show a 6-fold hexagonal symmetry (insets), which can be indexed to the {220}
reflections.
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