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Synthesis of AuPt Heteronanostructures with Enhanced
Electrocatalytic Activity toward Oxygen Reduction**

Yena Kim, Jong Wook Hong, Young Wook Lee, Minjung Kim, Dongheun Kim, Wan Soo Yun,

and Sang Woo Han*

Nanostructured Pt is the most efficient catalyst known for the
oxygen reduction reaction (ORR) in polymer electrolyte
membrane fuel cells."?) However, Pt suffers from poisoning
associated with electrolytes and the hydroxy layer, which
limits the ORR kinetics and long-term stability.** To
improve the activity of Pt, morphology control of the Pt
particles™® and using Pt-based bimetallic alloy nanoparticles
instead of pure Pt as the electrocatalyst!®” have been
extensively studied for the past decade.

Recently, Pt-based heteronanostructures such as Pt mon-
olayers or sub-monolayers on metal nanoparticles, core—shell
nanoparticles, and particle-on-particle nanostructures have
been explored to address the activity, durability, and cost of
the particles.”'' For example, Xia and co-workers” and
Peng and Yang!™ showed that Pt-on-Pd heterostructures
exhibited higher electrocatalytic activities and stabilities
toward ORR than those of the state-of-the-art Pt/C catalyst.
The improved catalytic properties could be attributed to
relatively large surface areas and the presence of particularly
active facets on Pt nanocatalysts supported on metal nano-
particles.”! The seed-mediated growth method has been used
in the synthesis of such Pt-based heteronanostructures
because this technique can enable the formation of metallic
nanostructures with precisely controlled morphology and
composition.>"”1 The shape of seed and corresponding
specific exposed facets has a great influence on the nucleation
and growth of the deposited metal and thus determines the
structural and catalytic properties of the resultant nano-
structures, although most of the previous studies on the Pt-
based heterostructured catalysts have relied on the Pt growth
on the roughly spherical metal nanoparticles. Herein, we
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report on the synthesis of heterogeneous bimetallic nano-
crystals consisting of Pt multibranches on Au nanocrystal
cores with well-defined morphologies (cubes, rods, and
octahedra) as illustrated in Scheme 1, and the effect of
underlying core geometry on the electrocatalytic activity for
the ORR. The reasons for choosing Au nanocrystals as
supports for Pt growth are that synthesis protocols for the
preparation of shape- and size-controlled Au nanocrystals
have been well developed,[“‘] and the incorporation of Au into
Pt catalysts leads to profound enhancement of both electro-
catalytic activity and stability."*

K,Ptcl,

CTAB
ascorbic acid

Au nanoparticles
(cube, rod, octahedron)

Au@Pt heteronanostructures

Scheme 1. Synthesis of AuPt bimetallic heteronanostructures consist-
ing of Au nanocrystal cores with well-defined morphologies and
dendritic shells of Pt.

In a typical synthesis of AuPt bimetallic heteronanostruc-
tures, an aqueous solution of K,[PtCl,] was added to an
aqueous solution of presynthesized shaped Au nanocrystals
such as nanocubes (Augy,.), nanorods (Au,y), and nano-
octahedra (AU,qnearon) (s€€ Experimental Section and Fig-
ure S1 in the Supporting Information). To this solution, an
aqueous solution of cetyltrimethylammonium bromide
(CTAB) and ascorbic acid was added, and the mixture was
heated at around 100°C for about 6 min. Representative
transmission electron microscopy (TEM; Figure 1a-c) and
scanning electron microscopy (SEM; Figure S2 in the Sup-
porting Information) images of the prepared samples dem-
onstrate the successful preparation of dendritic nanoparticles.
The high-angle annular dark-field scanning TEM (HAADF-
STEM) images (Figure 1d-f) and the line profiles of the
composition on each single bimetallic particle measured by
energy-dispersive X-ray spectroscopy (EDS; Figure 1g-i)
show that the core-shell nanostructures consist of the Au
nanocrystals as cores and dendritic shells of Pt, wherein
multiple Pt branches have grown on the Au seeds into
dendritic tendrils. Elemental mappings of Au and Pt (Fig-
ure 1j-1) also reveal the Au@Pt core-shell structure. UV/Vis
spectra of Au@Pt core—shell nanostructures display that the
surface plasmon resonance peaks associated with the dipole
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Figure 1. TEM images (a—c), HAADF-STEM images (d—f), cross-sec-
tional compositional line profiles (g—i), and HAADF-STEM-EDS map-
ping images (j-I) of the Au,,.@Pt (left panels), Au,,@Pt (center

panels), and Auganedron@ Pt (right panels). The scale bars are 20 nm.

resonances of the Au cores are completely damped out by the
deposition of Pt (Figure S3 in the Supporting Information).
This result could be due to the significantly lower conductivity
of Pt at optical frequency than that of Au, indicating the
effective formation of Pt dendritic shells.”? Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
analyses showed that the actual molar percentage of Pt in the
prepared particles was 33.8, 34.2, and 44.0 % for nanocubes,
nanorods, and nanooctahedra, respectively, used as cores. The
average thicknesses of the Pt shells are 9.3,7.2, and 7.8 nm for
Au,,.@Pt, Au,,(@Pt, and Au,.apeqron@Pt nanocrystals, respec-
tively. The thickness of the Pt shell can be controlled by
variation of the concentration of the Pt precursor. For
example, when the concentration of Pt precursor was
decreased by half, the average Pt shell thicknesses were
decreased to 4.8, 4.1, and 5.2 nm for Au,,.@Pt, Au,,,@Pt, and
AU, anearon@Pt nanocrystals, respectively (Figure S4 in the
Supporting Information).

Owing to the small difference in lattice parameters
between Au and Pt (about 4 %), the growth of heterogeneous
structures is thermodynamically favored,® and the formation
of dendritic Pt shells on Au nanocrystals indicates that the
nucleation and growth of Pt follow either Volmer-Weber
(island growth) or Stranski—Krastanov (island-on-wetting
layer growth) growth modes.""*?! In this work, Au nano-
crystals with well-defined morphologies were used as the
supports for Pt growth. According to their shapes, nanocubes

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

are bound by {100} surfaces and nanorods are enclosed mainly
by both {100} and {110} surfaces. Octahedral nanocrystals are
exclusively bound by {111} surfaces.” Because the difference
in lattice parameters and interplay between interfacial energy
and surface energies of overlayer and substrate metals are the
key factors for determining the growth modes, using different
Au cores with different crystalline surfaces could affect the
outcome of Pt growth. To investigate the initial growth of the
Pt shell, the Au@Pt nanostructures were prepared by using
much lower concentration of Pt precursor than that used in
the preparation of nanostructures shown in Figure 1. Close
inspection of high-resolution TEM (HRTEM) images of
bimetallic nanocrystals prepared with low concentration of Pt
precursor (25% of the original concentration) revealed the
formation of Pt islands on the Au surfaces (Figure 2). Well-

Figure 2. Low- (left panels) and high-magnification (right panels)
HRTEM images of Au . @Pt (a,b), Au,s@Pt (c,d), and Au,capedron@ Pt
(e,f) prepared with a low concentration of Pt precursor.

defined lattice fringes in Pt island regions of Au,, @Pt/
Au,,(@Pt and Au,pedaron@Pt nanocrystals correspond mostly
to the {100} and {111} surfaces of face-centered cubic Pt,
respectively. However, for fully grown Au@Pt nanostructures,
stable Pt(111) facets also developed to a large extent for
Au,, @Pt and Au,,@Pt nanocrystals (Figure S5 in the
Supporting Information). For Au,.upesron@Pt nanocrystals,
{111} surfaces are still dominant in the dendritic Pt shell

Angew. Chem. Int. Ed. 2010, 49, 10197 —10201


http://www.angewandte.org

(Figure S5 in the Supporting Information). This result was
also reflected in the X-ray diffraction (XRD) patterns
recorded on the particles; the intensity ratio between the
(200) and the (111) diffractions ({pg)//111y) of Pt for the
AU, anearon@Pt nanocrystals was much smaller than those of
the Au,,.@Pt and Au,,,@Pt nanocrystals (Figure S6 in the
Supporting Information).

The core morphology-dependent electrocatalytic activi-
ties of the Au@Pt heteronanostructures toward ORR were
investigated, and the results were compared with that of
monometallic Pt nanoparticles with dendritic shape (Ptg,).
The synthesis and structure of Pt,., are described in the
Experimental Section and Figure S7 in the Supporting
Information. Pt,., was chosen as the reference because it is
a structural analogue for the dendritic Pt shell of Au@Pt
heterostructures and it showed efficient electrocatalytic
activity for ORR.”® Figure 3a shows cyclic voltammograms
(CVs) of the various catalysts in 0.1m HCIO,. Typical redox
peaks associated with the oxidation/reduction of Pt as well as
hydrogen adsorption/desorption were observed. The electro-
chemically active surface areas (ECSA) were calculated by
measuring the coulombic charge for hydrogen adsorption.?”
The specific values of ECSA based on the Pt mass for
Au,.@Pt, Au, ;@Pt, Au,anearon@Pt, and Pty were found to
be 102.4, 141.6, 148.1, and 87.7 m’gy, ', respectively (Fig-
ure 3b). The higher specific ECSA of Au@Pt nanostructures
than Pt indicate that the formation of heterostructures can
provide higher active surface areas despite their larger overall
particle size.

The activities of catalysts for oxygen reduction were
measured with a rotating-disk electrode (RDE) in O,-
saturated 0.1m HCIO,. The polarization curves for the
catalysts are shown in Figure3c. The current densities
(j [mAcm™]) were normalized to the geometric surface
area of the glassy carbon (GC) electrode (0.071 cm?). Bare
Algype, Al,og, and AUggnearon €Xhibited no measurable ORR
activity under the same experimental conditions (Figure S8 in
the Supporting Information). As shown in Figure 3¢, the core
geometry profoundly affects the activity of the heteronanos-
tructures. The electrocatalytic activities of the different
catalysts, estimated from the half-wave potential (E,,),”
follow the order  Augnedaron@Pt > Au,,«@Pt > Pty >
Au,,.@Pt, with E;, values of 812, 786, 781, and 773 mV
versus RHE (reversible hydrogen electrode), respectively.
For a better understanding of different ORR activities, the
kinetic current (j,) associated with the intrinsic activity of the
catalysts was obtained by a Koutecky-Levich plot for oxygen
reduction with different catalysts (experimental details in the
Supporting Information).”” At 0.8 V versus RHE, the mass
activities for the AU, pearon@Pt, Au,,@Pt, Au,,.@Pt, and
Pt,., catalysts were 215, 128, 82, and 63 mA mgp, ', respec-
tively (Figure 3d). Together with the observed most positive
E,,, value, this result shows that Au,cnearon@Pt nanocatalysts
drastically outperformed other Au@Pt nanocrystals and Pt
particles. Furthermore, the area-specific activity of
AUycanearon@Pt, obtained by normalization of j, against
ECSA, is also highest among the various catalysts (Fig-
ure 3d).
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Figure 3. a) CVs of the Au,qanedron@Pt, Au,oq@Pt, Au ., @Pt, and Pty
in 0.1m HCIlO, at a scan rate of 50 mVs™". The current densities were
normalized to the geometric surface area of the GC electrode

(0.071 cm?). b) Specific ECSA for each nanostructure. c) Polarization
curves for the Augcgnedron @Pt, Au,oq@Pt, Aucp.@Pt, and Pty,, nano-
catalysts in O,-saturated 0.1 M HCIO, at a scan rate of 10 mVs™' and a
rotation rate of 1600 rpm. d) Mass- and area-specific activity at 0.8 V
versus RHE for the various nanocatalysts.
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The experimental results demonstrate that Au@Pt heter-
ostructures have higher mass and area-specific activities for
ORR than those of monometallic Pt nanodendrites, and their
activities highly depend on their core geometries. The choice
of octahedral Au nanoparticles as core materials can induce
the largest enhancement of the catalytic activity. This
improvement could be attributed to the (111)-orientation-
rich Pt surface of the Au,cnearon@Pt crystals. Previous density
functional calculations revealed that the moderately com-
pressed Pt(111) facet induced by the difference in lattice
parameters is the most effective surface for ORR on nano-
particles because of the slightly decreased oxygen binding
energy with respect to that on the extended Pt(111) surface.!'”!
In fact, the observed lattice spacing on the (111) surfaces of
AU, anearon@Pt nanocrystals, namely, 2.22 A, was smaller
(—3.9%) than that on the bulk Pt(111) surface (2.31 A)
(Figure S4 in the Supporting Information). Thus, the specific
facet of the seed associated with its shape plays a decisive role
in the nucleation and growth of the shell and therefore
determines the resultant catalytic activity of the heterona-
nostructures.

The electrochemical stabilities of the catalysts were also
investigated by the accelerated durability tests, which were
carried out at room temperature in O,-saturated 0.1m HCIO,
solutions by applying cyclic potential sweeps between 0.6 and
1.0 V versus RHE at a scan rate of 50 mVs™'. Figure 4 shows
the CVs of each catalyst before and after 3000 potential
cycles. AUy anearon@Pt, Au,,q@Pt, and Au,,.@Pt showed losses
of 8.3, 8.4, and 11.1 % in ECSA after 3000 cycles, respectively.
In contrast to the Au@Pt catalysts, Pt,.,, showed a relatively
larger loss of ECSA (23.8%), demonstrating that the AuPt
heterostructures had better durability than monometallic Pt
nanostructures owing to the incorporation of Au cores.'*2!l
The enhanced durability of the Au@Pt catalysts was further
confirmed by the TEM and HAADF-STEM-EDS measure-
ments of catalysts after 3000 potential cycles. Although
considerable aggregation and sintering of particles were
observed for Pty after the stability test (Figure S9 in the
Supporting Information), the morphologies of the Au@Pt
catalysts were still maintained after the test, thus resulting in
improved catalytic stability (Figures S10-12 in the Supporting
Information). However, the relative amounts of Pt were
decreased by 5.3, 7.6, and 12.0% after the stability test for
AUycahearon@Pt, Au,@Pt, and Au,,,.@Pt, respectively, which
can be correlated with the observed losses of ECSA after the
test.

In summary, bimetallic heteronanostructures consisting of
a dendritic Pt shell and structured Au cores (nanocubes,
nanorods, and nanooctahedra) could be synthesized by a
seeded growth method. The Au@Pt nanostructures have
exhibited higher electrocatalytic activity and durability for
ORR than those of the monometallic Pt catalyst, indicating
that the formation of heterostructures can provide higher
active catalytic surfaces. Interestingly, the ORR activities are
highly dependent on the shape of the cores. The usage of Au
nanooctahedron core resulted in the largest improvement of
the ORR activity. Our data thus reveal the importance of the
core structure for further enhancing the activity of core-shell
type nanocatalysts. This method can be extended to other

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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metal systems, and further improving the catalytic perfor-
mance and applying it to other catalytic reactions can be
expected through tailoring of the morphology and composi-
tion of the nanocrystals.

Experimental Section

HAuCl, (Aldrich, 99.9%), K,[PtCl,] (Aldrich, 98 %), ascorbic acid
(Sigma, 99.5%), and CTAB (Aldrich, 95%) were used as received.
Other chemicals, unless specified, were reagent grade, and Milli-Q
water with a resistivity of greater than 18.3 MQcm was used in the
preparation of aqueous solutions.

In a typical synthesis of Au@Pt core—shell nanocrystals, aqueous
Au nanocrystal seed solution (0.6 mL, see the Supporting Informa-
tion) and 5 mm aqueous K,[PtCl,] (0.2 mL) were added to highly
purified water (47 mL). To this solution, 10 mm CTAB solution
(1 mL) was added. After 5s, aqueous ascorbic acid (100 mM, 1 mL)
was injected quickly into the mixed solution with vigorous stirring,
and the solution was stirred further for 1 min. The solution was then
heated on a hotplate at approximately 100°C for around 6 min. The
resultant Au@Pt hydrosol was subjected to centrifugation (8000 rpm
for 6 min) to remove excess reagents.

The extinction spectra were recorded with a UV/Vis absorption
spectrometer (Agilent 8453). SEM images of the samples were taken
with a field-emission scanning electron microscope (HITACHI Model
S-4800). TEM images and EDS data were obtained with a JEOL
JEM-2010 transmission electron microscope operating at 200 kV after
placing a drop of hydrosol on carbon-coated Cu grids (200 mesh).
HRTEM and HAADF-STEM characterizations were performed with
a FEI Technai G2 F30 Super-Twin transmission electron microscope
operating at 300 kV. The effective electron probe size and dwell time
used in HAADF-STEM-EDS mapping experiments were 1.5 nm and
200 ms per pixel, respectively. The compositions of AuPt bimetallic
nanoparticles were determined by ICP-AES (ELAN 6000, Perkin—
Elmer). XRD patterns were obtained with a Bruker AXS D8
DISCOVER diffractometer using Cug, (0.1542 nm) radiation.

Electrochemical measurements were carried out in a three-
electrode cell using a CH Instrument Model 760D bipotentiostat. The
nanocrystal-modified GC electrode served as a working electrode. Pt
wire and Ag/AgCl were used as the counter and reference electrodes,
respectively. Details for electrochemical measurements are provided
in the Supporting Information. All the potentials are reported with
respect to RHE and all electrochemical data were obtained at room
temperature.
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