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One-Step Synthesis of Au@Pd Core—Shell Nanooctahedron
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Bimetallic nanoparticles are attractive materials owing to their
novel optical, catalytic, electronic, and magnetic properties which
are distinctly different from those of their monometallic counter-
parts." As in the case of monometallic nanoparticles, these properties
can be controlled by tuning the size and shape of the nanoparticles.
Accordingly, bimetallic nanoparticles (core—shell and alloy) with
a well-controlled morphology may even show optimized physico-
chemical properties.” In general, bimetallic nanoparticles have been
prepared by simultaneous or successive reduction of metallic
precursors. Very recently, a number of bimetallic core—shell
nanoparticles with well-defined geometries have been investigated
through conformal epitaxial growth of the second metal over the
presynthesized seed nanoparticles.” However, rationally designed
bimetallic heterostructures could not be easily prepared without
seeds. Usually, one-pot synthesis such as simultaneous reduction
of metallic precursors in the same reaction medium produced a
bimetallic alloy or sometimes core—shell particles with uncontrolled
spherical shapes.'*

Herein, we report for the first time on the one-step aqueous
synthesis of bimetallic core—shell Au—Pd nanoparticles with a well-
defined octahedral shape. Among the various bimetallic nanopar-
ticles, Au—Pd nanoparticles have been the subject of intense
research due to their efficient catalytic properties for a variety of
reactions such as acetylene hydrogenation,” H,O, synthesis,® vinyl
acetate synthesis,” and oxidation of alcohols to aldehydes.® Although
there have been numerous reports on the synthesis and characteriza-
tion of Au—Pd nanoparticles, the preparation of particles with well-
defined shapes and a controlled atomic distribution is still required
to optimize their properties.®'?

In this work, precursors of Au and Pd are simultaneously reduced
by cetyltrimethylammonium chloride (CTAC) to produce octahedral
Au@Pd nanoparticles. In a typical synthesis of Au@Pd core—shell
nanoparticles, an aqueous solution of HAuCly/K,PdCl, mixtures
in a molar ratio of 1/1 was added to an aqueous solution of CTAC.
This solution was then heated at ~90 °C for ~48 h in an oven.
Figure 1a shows a representative SEM image of the prepared sample
which demonstrates that the majority of the sample consisted of
octahedral nanoparticles with a mean edge length of 41.1 &+ 3.5
nm. A high-resolution TEM (HRTEM) image confirms the suc-
cessful preparation of the core—shell nanostructure (Figure 1b). The
average shell thickness was measured to be 5.6 £ 0.8 nm. The
high-angle annular dark-field scanning TEM (HAADF-STEM)
image and the line profiles of the composition on a single octahedral
particle show that the core—shell nanostructure consists of the Au
nanooctahedron as a core and a complete shell of Pd (Figure 1d).
Elemental mapping of Au and Pd (Figure le) also reveals the
Au@Pd core—shell structure. A high-magnification HRTEM image
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Figure 1. (a) SEM and (b) HRTEM images of the Au@Pd nanooctahedra.
(c) High-magnification HRTEM image of the square region in (b). (d)
HAADF-STEM image and cross-sectional compositional line profiles of a
Au@Pd nanooctahedron. (¢) HAADF-STEM-EDS mapping images of the
Au@Pd nanooctahedra.

of the Au@Pd particle (Figure 1c) reveals the continuous lattice
fringes from the Au core to the Pd shell. A d-spacing of 2.24 A for
adjacent fringes in the Pd shell region corresponds to the {111}
planes of face-centered cubic (fcc) Pd.° Selected area electron
diffraction and X-ray diffraction patterns recorded on the particles
also show the crystalline nature of the prepared particles (Figures
S1,2). These results indicate that the Pd shell has been formed
through the epitaxial growth of Pd on the Au core. It has been
reported that the conformal epitaxial growth of the Pd layer on Au
and Pt surfaces could occur when the layer growth rate was
adequately low.**¢ Different molar ratios of Au and Pd precursors
also lead to the formation of octahedral Au@Pd nanoparticles with
different sizes of Au cores (Figure S3). The nanoparticles synthe-
sized by using pure Au and pure Pd precursors have octahedral
and roughly spherical shapes, respectively, indicating the contribu-
tion of epitaxial growth to the shape control of bimetallic particles
(Figure S4).

In our experiment, CTAC was used as both a reductant and
stabilizer. Recently, it has been found that some ammonium
molecules such as poly(diallyl dimethylammonium) chloride'' and
cetyltrimethylammonium bromide (CTAB)'? have a reducing
capacity in hydrothermal synthesis conditions. In fact, comparison
of FT-IR spectra between original CTAC and CTAC-stabilized
Au@Pd nanoparticles reveals that the nitroso group has been
produced after reaction through the oxidation of CTAC (Figure S5
and Table S1). Due to the weak reducing power of CTAC under
our synthetic conditions, the reduction rate of metal precursors was
very slow, however. The slow reduction kinetics may also be related
to the presence of oxygen in this closed system, which may slowly
dissolve the reduced metal atoms.'® Based on the reduction
potentials of Au(IIl) and Pd(I) (Au*" (AuCl, /Au, +1.002 V vs
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Figure 2. (a) TEM images of nanoparticles collected at different reaction
times. The scale bars are 20 nm. (b) Changes in the size and mole % of Pd
of the particles during the reaction estimated from TEM and ICP-MS
analyses, respectively. (¢c) UV —vis spectra of reaction solution reacted under
different reaction times.

SHE (standard hydrogen electrode)) and Pd*" (PdCl,>~/Pd, 4+0.591
V vs SHE)),"* we can easily expect that Au(III) will be preferen-
tially reduced over the Pd(II) under our experimental conditions.
Therefore, the formation of the core—shell particles is likely to be
initiated by nucleation of Au atoms to form the Au octahedral core
which subsequently acts as a nucleic center for the growth of the
Pd layer. The monitoring of the evolution process shown in Figure
2 indeed confirms our hypothesis. As shown by TEM and
inductively coupled plasma mass spectrometry (ICP-MS) analyses
(Figure 2a,b), small Au octahedral particles were formed initially
and grew in size. After ~18 h, the size of the Au particle was
barely changed and Pd became deposited onto the surfaces of Au
cores up to 36 h. Beyond 36 h, no significant change in either the
structure or composition was observed. Changes of the Pd shell
thickness during the reaction indicate that the shell thickness can
be controlled via different reaction times (Figure S6). The structural
evolution also accompanied distinct changes in the UV —vis spectral
features of the reaction mixtures. Figure 2c shows the extinction
spectra of the reaction solution obtained at different reaction times.
When the reaction time was increased to 8 h, the single surface
plasmon resonance (SPR) peak appeared, which can be assigned
to the dipole resonance of octahedral Au core,'” and the intensity
of the peak increased until 18 h. By further increasing the reaction
time, the SPR peak of Au core was gradually damped. As is
previously reported,'® shells of Pd or Pt strongly damp out the
dipolar plasmon oscillations of Au or Ag cores, because Pd or Pt
have significantly lower conductivities at optical frequency than
those of Au or Ag. As such, an increase in shell thickness
progressively damps out the SPR peak of the core. The observed
spectral changes were also reflected in the color change of the
solution during the reaction (Figure S7). Both the electron
microscopy and spectroscopy data clearly confirm that the core—shell
nanoparticles are formed via the sequential formation of the Au
core followed by the Pd layer.

We believe that the temporal separation of the formation of the
Au octahedron from the formation of the Pd layer owing to the
slow reduction kinetics is the key to the formation of the core—shell
structure. This was confirmed by the fact that an analogous
experiment with a stronger reductant, such as ascorbic acid, resulted
in homogeneously alloyed Au—Pd nanoparticles (Figure S8). The
shape of noble metal nanoparticles can be modulated by controlling
the relative growth rate on particular crystallographic surfaces during
the crystal growth through the specific adsorption of surfactants,
stabilizers, and ions as well as by controlling the reduction kinetics

of metal precursors.'” In this regard, CTAC used in the present
study as a surfactant molecule plays a critical role in the formation
of octahedral nanoparticles. When CTAC was substituted by CTAB
which has been commonly used in the shape-controlled synthesis
of metal nanoparticles, octahedral particles were not produced;
instead, a mixture of particles with a variety of shapes was formed
(Figure S9). This can be attributed to the presence of a bromide
ion. Bromide can chemisorb onto the surface of seeds more strongly
than chloride and thus alter the order of surface free energy,
resulting in the promotion of the formation of less stable facets
such as {100} and {110}."8

In summary, we have presented a simple one-pot synthesis
method for the production of octahedral core—shell nanoparticles.
Such core—shell nanoparticles with well-defined shapes can be used
as a new platform for studying physicochemical properties of
heterostructured nanomaterials and will find a number of optical
and catalytic applications. For instance, the prepared nanoparticles
exhibit efficient surface-enhanced Raman scattering (SERS) proper-
ties (Figures S10,11). Given the distinct chemical nature of Pd-
coating of the Au@Pd nanooctahedron, together with its SERS
activity, in situ spectroscopic characterization of catalytic reactions
could be possible by using the present system.
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