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a b s t r a c t

Electrocatalytic properties of platinum layers overgrown on cubic, octahedral, and spherical gold
nanocrystals were investigated. Electrochemically active surface area per unit mass of platinum was
significantly different, depending on the shape of gold core nanocrystal. CO stripping results showed that
binding of surface platinum atoms to CO was stronger than Pt black when platinum partially covered the
gold surface. Au core@Pt shell composite nanoparticles generally demonstrated enhanced mass activity
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for methanol oxidation, formic acid oxidation, and oxygen reduction compared to Pt black; however,
the extent of improvement differed considerably for the various shapes. Most notably, when specific
activity was compared, platinum overgrown on octahedral gold crystals showed enhanced activity per
unit area for formic acid oxidation and oxygen reduction. The shape of the underlying core nanocrystals

lectro
omposites
hape
lectrocatalysts

significantly affects the e

. Introduction

Recently, fuel cells have received tremendous attention for envi-
onmentally friendly energy utilization. Notably, platinum, which
s the major catalyst in direct methanol fuel cells (DMFC) and proton
xchange membrane fuel cells (PEMFC), has been actively investi-
ated to improve the catalytic properties due to its high cost and
imited reserves [1].

The activity, selectivity, and durability of a catalyst can be
mproved by combining more than two different types of metallic
atalysts [2]. In particular, significant changes in the catalytic prop-
rties of platinum have been reported when platinum forms alloys
ith gold [3] or platinum nanoparticles are physically mixed with

old nanoparticles [4]. On the bimetallic surface of Au–Pt alloys,
O and OH adsorbed on Au sites participate in the catalyzed reac-
ion that occurs on Pt sites, demonstrating enhanced bifunctional
atalytic performance [5]. In the case of smaller gold nanopar-
icles deposited on platinum nanoparticles, the durability of the

etallic catalysts was greatly enhanced for oxygen reduction. This
mprovement resulted from less oxidation of the platinum surface
t high potentials, preventing surface poisoning from OH species

6]. Similarly, in examples where smaller platinum nanoparticles
ecorated gold nanoparticles, the platinum showed superior activ-

ty for oxygen reduction and formic acid oxidation [7–9]. When thin
latinum layers are formed on gold nanotubes with nanoporous
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wall or nanoparticles, the platinum activity increased significantly
for methanol oxidation [10–12].

The most usual way to prepare Au–Pt composite nanoparticles
is to form a platinum shell on pre-made gold core nanoparticles by
a chemical reduction method [13,14]. The gold nanoparticles are
dispersed in a solution containing platinum precursors, which are
reduced with chemical reducing agents to form Au core@Pt shell
structure. Recent studies also demonstrated syntheses of dendritic
platinum shells on gold cores using modified chemical reduction
methods [15–20]. Their activities per unit mass of platinum were
improved for methanol/formic acid oxidation and oxygen reduc-
tion [17–19].

Recently, we reported the synthesis of platinum shells over-
grown on various shapes of gold nanocrystals [21]. In this study,
electrocatalytic properties of Au@Pt nanoparticles of different
geometries were evaluated. While most of previous studies for
Au@Pt composite nanoparticles used undefined spherical gold
cores, this study investigated how shaped gold cores affect the elec-
trocatalytic properties of the platinum shell. Dispersion and surface
structures of platinum shell were significantly different depending
on the shape of the gold core. Their electrocatalytic activity and
extent of poisoning were also affected.

2. Experimental
2.1. Synthesis of Au@Pt nanoparticles

Shaped Au@Pt nanoparticles were synthesized as reported
previously [21]. First, different shapes of Au nanoparticles were

dx.doi.org/10.1016/j.molcata.2010.09.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Au(cub)@Pt, and 3.4 for Au(sph-f)@Pt. The location of Pt 4f peaks
was 74.7 and 71.4 eV for Pt black, as denoted by straight line in Fig. 2.
Pt 4f peaks for all Au@Pt nanoparticles were negatively shifted, with
reduced binding energy relative to Pt black, implying that electron
transfer occurs from Au to Pt as reported previously [11].
M. Min et al. / Journal of Molecula

repared by adding 0.15 mL of different concentrations (1.7 mM
or octahedra, 5 mM for cubes, and 17 mM for spheres) of AgNO3
99+%, Aldrich) to 5 mL of boiling 1,5-pentanediol (96%, Aldrich),
ollowed by alternating additions of 200 �L of polyvinylpyrrolidone
PVP, MW 55,000, Aldrich; 0.15 M) and 200 �L of HAuCl4 (99.9+%,
ldrich; 0.05 M) solution every 30 s. A total of 3 mL of each solu-

ion was added. The temperature of the mixture was maintained
or 1 h at the boiling temperature of 1,5-pentanediol. Au nanopar-
icles in 1 mL of the resulting solution were washed several times
ith deionized (DI) water and re-dispersed in 4 mL of DI water.

he suspension of Au nanoparticles (1 mL) was mixed with Pt salt
olution prepared by adding 0.07 g K2PtCl4 (98%, Aldrich) into 2 mL
f 0.2 M HCl and 98 mL of DI water. The atomic ratio of Pt/Au was
.2 for Au(oct)@Pt, 0.2 for Au(cub)@Pt, 0.2 for Au(sph-p)@Pt and
.6 for Au(sph-f)@Pt. Then, 10-fold excess of l-ascorbic acid (99+%,
ldrich), relative to Pt atoms, was added, and the total volume was
iluted to 3 mL. The mixture was vigorously shaken and allowed to
est undisturbed overnight at room temperature (for Au octahedra,
0 ◦C). Finally, the synthesized Au@Pt nanoparticles were washed
nd dispersed in DI water.

.2. Working electrode preparation

The aqueous dispersion of Au@Pt nanoparticles was sonicated
nd placed on a polished gold electrode with a 5-mm diameter. The
ame amount of platinum (2.35 �g, based on inductively coupled
lasma elemental analysis) was loaded for each shape of Au@Pt
anoparticles. For platinum black (Aldrich), the electrode was pre-
ared by dropping a dispersion of platinum black in 1:1 (v/v) water
nd isopropyl alcohol on a glassy carbon electrode with a diam-
ter of 5 mm. Every electrode was dried and stored in a nitrogen
tmosphere before measurements.

.3. Electrochemical measurements

A three-electrode system was used for electrochemical mea-
urements. An Ag/AgCl (saturated with NaCl solution) electrode
as used as the reference electrode and a platinum wire was
sed as the counter electrode. Electrodes were connected to a
ersaSTAT3 (Princeton Applied Research) potentiostat. Prior to all
lectrochemical measurements, CO annealing was performed to
emove surface irregularities and to acquire reproducible results.
he catalyst that was loaded on the working electrode was trans-
erred to CO-saturated 0.1 M HClO4 (70%, Aldrich). CO annealing
as performed by cycling the electrode potential between −0.25

nd 1.0 V (vs. Ag/AgCl) with a scan rate of 100 mV/s until identi-
al voltammograms were obtained. Then, CO was bubbled for 5
dditional minutes and N2 was bubbled with the electrode poten-
ial at −0.2 V for 10 min. After that, CO stripping was performed
y cycling the potential between −0.144 and 1.0 V with a scan
ate of 50 mV/s. To calculate an electrochemical surface area (ESA),
ydrogen adsorption/desorption voltammograms were acquired
y cycling the potential at a scan rate of 50 mV/s from −0.144 to
.59 V in N2-saturated 0.1 M HClO4. The ESA was determined from
ydrogen desorption peak area above a double layer current in
he range of −0.144 to 0.2 V by using 210 �C/Pt cm2. The activity
f methanol electro-oxidation was evaluated by cyclic voltamme-
ry in a N2-saturated solution of 0.5 M CH3OH in 0.1 M HClO4 with
scanning rate of 20 mV/s. Formic acid oxidation was performed
n a N2-saturated solution of 0.1 M HCOOH in 0.1 M HClO4 with a
canning rate of 50 mV/s. Oxygen reduction was measured in O2-
aturated 0.1 M HClO4 with a scanning rate of 50 mV/s, which was
btained by bubbling ultra high-purity O2 gas (99.995%) for at least
0 min.
lysis A: Chemical 333 (2010) 6–10 7

2.4. Characterizations

TEM images were obtained with a JEOL 2100. X-ray photoelec-
tron spectroscopy (XPS) data were acquired using a SIGMA probe
(ThermoVG) equipped with a monochromatic Al K� X-ray source
(15 kV, 100 W). The binding energy was calculated with reference
to the maximum intensity of the C1s signal at 285.0 eV. Elemental
analysis was performed with inductively coupled plasma (ICP; IRIS
Intrepid II, Thermo Elemental).

3. Results and discussions

Platinum was overgrown on differently shaped gold nanocrys-
tals: octahedra, cubes, and spheres. Fig. 1 shows TEM images of
Au(oct)@Pt, Au(cub)@Pt, and Au(sph)@Pt, where platinum was
overgrown on octahedral, cubic, and spherical Au nanocrystals,
respectively. Au(sph-p)@Pt denotes partially covered gold cores
while Au(sph-f)@Pt represents fully covered cores. Fig. 1(c) and
(d) shows different thicknesses of the Pt shell on spherical Au
nanocrystals. As demonstrated in the inset of Fig. 1(c), the platinum
was heteroepitaxially overgrown on Au crystals. Platinum grew on
the vertexes of Au octahedra while it grew on facets of Au cubes. As
shown in Ref. [21], platinum overgrew selectively on the Au(1 0 0)
surface, replacing residual Ag located on Au(1 0 0) surface.

Fig. 2 shows XPS Pt 4f and Au 4f peaks for various Au@Pt
nanoparticles. Considering that XPS generally collects information
up to five atomic layers below the surface, the presence of Au peaks
– even for Au(sph-f)@Pt, where platinum fully covers the surface of
Au sphere with a thickness of ∼13 nm – implies that the platinum
shell is dendritic. The peaks in Fig. 2 were normalized to the maxi-
mum intensity of Au 4f peak for each sample. The ratio of Pt/Au on
the surface was compared by measuring the peak areas. The Pt/Au
peak area ratio was 1.4 for Au(oct)@Pt, 1.8 for Au(sph-p)@Pt, 2.6 for
Fig. 1. TEM images of (a) Au(oct)@Pt, (b) Au(cub)@Pt, (c) Au(sph-p)@Pt, and (d)
Au(sph-f)@Pt. The inset of (c) shows a high resolution TEM image of Au(Sph-p)@Pt.
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Table 1
Electrochemically active surface area (ESA) of Au@Pt nanoparticles and Pt black
measured from hydrogen desorption.

ESA (m2/g)

Au(oct)@Pt 8.5
Au(cub)@Pt 23.4
(eV)EnergyBindingBinding Energy (eV)

Fig. 2. X-ray photoelectron spectra of Au@Pt nanoparticles and Pt black.

The residual Ag on the surface of Au@Pt nanoparticles may
ffect the electrocatalytic properties. The Ag/Pt peak area ratio was
easured as 0 for Au(oct)@Pt, 0.05 for Au(cub)@Pt, 0.10 for Au(sph-

)@Pt, and 0.10 for Au(sph-f)@Pt. As explained later, no trends in
lectrocatalytic measurements were observed that correlated to
he amount of residual Ag. Even for Au(sph-p)@Pt and Au(sph-
)@Pt with the same ratio of Ag/Pt, their electrocatalytic properties
ere very different. The effect of residual Ag on electrocatalytic
roperties seems to be negligible.

The various Au@Pt nanoparticles were used as electrocatalysts.
u nanocrystals themselves did not show any activity in elec-

rocatalytic reactions. CO annealing was performed for all Au@Pt
anoparticles and Pt black prior to electrocatalytic measurement
o remove surface irregularities and to obtain reproducible results
22]. CO annealing was performed by cycling the electrode potential
etween −0.25 and 1.0 V with a scan rate of 100 mV/s until identi-
al voltammograms were obtained. H adsorption/desorption cyclic
oltammograms were obtained with a scan rate of 50 mV/s in 0.1 M
ClO4, as shown in Fig. 3. The ESA in Table 1 was determined from

he H desorption curves of Fig. 3. While the platinum nanoparticles
vergrown on various shapes of gold nanocrystals had the similar
omain size of 2–3 nm, how the platinum nanoparticles are con-
ected seems to be different. Platinum nanoparticles overgrown on
old octahedra looked more condensed, but platinum nanoparticles
vergrown on gold cubes or partially overgrown on gold sphere

ooked more exposed. Platinum overgrown on Au octahedra had
he smallest ESA per unit mass while platinum on Au cubes or par-
ially overgrown on Au spheres had a greater ESA per unit mass. The
vergrowth concentrated on the smaller area of vertexes of octa-

0.00

0.04

0.60.40.20.0-0.2

-0.08

-0.04
 Au(cube)@Pt
 Au(sph-P)@Pt
 Au(sph-F)@Pt
 Pt black
 Au(oct)@Pt

C
ur

re
nt

 (
m

A
)

Cl)/AA(VPotential  vs Ag/AgCl)

ig. 3. Cyclic voltammograms during H adsorption/desorption by Au@Pt nanopar-
icles and Pt black measured with a scan rate of 50 mV/s in 0.1 M HClO4 solution.
he mass of Pt in each sample was 2.35 �g.
Au(sph-p)@Pt 21.3
Au(sph-f)@Pt 14.9
Pt black 8.1

hedral nanocrystals while platinum overgrew on facets of cube or
surfaces of spheres.

CO stripping was performed to estimate the interactions
between reactants and platinum surface atoms. CO was adsorbed
on platinum surfaces, and CO stripping was performed between
−0.144 and 1.0 V with a scan rate of 50 mV/s. Full CO adsorption
was confirmed by the lack of H desorption peak between −0.144
and 0.2 V. Fig. 4 shows CO stripping peaks in the range of 0.3–0.8 V.
As the stripping peak is located at a higher potential, CO is bound
to the platinum surface atoms stronger. The position of the peak
potentials were 0.58 V for Au(sph-f)@Pt, 0.59 V for Pt black, 0.60 V
for Au(cub)@Pt, 0.64 V for Au(oct)@Pt, and 0.64 V for Au(sph-p)@Pt.
When platinum was locally overgrown on gold surfaces, such as
Au(oct)@Pt and Au(sph-p)@Pt, the interaction between CO and
platinum atoms was stronger. The stronger CO–Pt bonding for par-
tially covered platinum deposited on the gold surface was also
reported previously [23]. Platinum fully grown on Au spheres had
even lower peak potential than Pt black. Additionally, all the Au@Pt
nanoparticles have broader CO stripping peaks than Pt black. Au@Pt
nanoparticles seem to have less uniform active sites than Pt black.

The activity for methanol oxidation was tested in a solution con-
taining 0.1 M HClO4 and 0.5 M CH3OH with a scan rate of 20 mV/s,
as displayed in Fig. 5. Au(sph-f)@Pt showed the highest mass
activity while the activity of Au(oct)@Pt was as low as Pt black.
Au(oct)@Pt showed the lowest mass activity due to the smallest
surface area and strong binding to CO, which acts as surface poi-
son during methanol oxidation. In spite of their large surface areas,
Au(cub)@Pt and Au(sph-p)@Pt had medium mass activity due to
strong binding to CO. The methanol oxidation activity was the high-
est for Au(sph-f)@Pt because it has relatively large surface area and
weak binding to CO, enabling less surface poisoning. When specific
activities (activity per unit surface area) were compared, how-
ever, only Au(sph-f)@Pt had a higher specific activity (3.6 mA/cm2)
than Pt black (3.3 mA/cm2). The specific activity was 2.9 mA/cm2
for Au(oct)@Pt, 2.7 mA/cm2 for Au(cub)@Pt, and 2.1 mA/cm2 for
Au(sph-p)@Pt. On the other hand, the location of peak potentials
in the forward scan was also compared. Compared to 0.57 V for
Pt black, Au@Pt nanoparticles showed positive shift to 0.59 V for
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Fig. 4. Voltammograms displaying CO stripping by Au@Pt nanoparticles and Pt black
in 0.1 M HClO4 after CO annealing process. The scan rate was 50 mV/s.
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Pt black, the onset potential where oxygen reduction starts to occur
ig. 5. Cyclic voltammograms during methanol oxidation by Au@Pt nanoparticles
nd Pt black in a solution of 0.1 M HClO4 and 0.5 M CH3OH at room temperature.
he scan rate was 20 mV/s.

u(oct)@Pt, 0.59 V for Au(sph-p)@Pt, 0.61 V for Au(cub)@Pt and
.62 V for Au(sph-f)@Pt. Competition between CO adsorption and
H adsorption occurs in methanol oxidation, and the methanol
xidation peak in the forward scan started to decrease because
dsorbed OH poisoned the platinum surface at high potentials [24].
igher peak potentials of Au@Pt nanoparticles indicate that Au@Pt
anoparticles have more resistance to formation of poisoning oxide
pecies. The ratio of the forward peak current density (If) and the
everse peak current density (Ir) was compared. If/Ir ratio was 1.2
or Au(sph-f)@Pt, 1.3 for Au(cub)@Pt, 1.5 for Au(sph-p)@Pt, 1.7
or Au(oct)@Pt, and 1.3 for Pt black, respectively. A low If/Ir ratio
ndicates poor electro-oxidation of methanol to carbon dioxide dur-
ng the forward scan, and excessive accumulation of carbonaceous
ntermediates on the catalyst surface [25,26]. Au(oct)@Pt showed
slightly higher If/Ir ratio compared to other catalysts.

Fig. 6 shows the results for formic acid oxidation performed
n a solution containing 0.1 M HClO4 and 0.1 M HCOOH with a
can rate of 50 mV/s. Electrocatalytic oxidation of formic acid on
latinum generally follows two reaction pathways: dehydrogena-
ion (HCOOH → H2 + CO2) or dehydration (HCOOH → H2O + CO).
ecause dehydration pathway generates the surface poisoning
pecies of CO during the reaction, the activity decreases as the reac-
ion proceeds with the dehydration pathway. The peak at ∼0.34 V
n the forward scan represents the peak associated with direct
ehydrogenation oxidation, and the peak at ∼0.63 V in the forward

can represents oxidation of COads adsorbed on the platinum sur-
ace [9]. In the case of Pt black, very little direct dehydrogenation
as observed in the forward scan, and a large indirect dehydra-

ion peak appeared due to COads oxidation. On the other hand,
ll Au@Pt nanoparticles show large dehydrogenation peak indi-
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ig. 6. Cyclic voltammograms during formic acid oxidation by Au@Pt nanoparticles
nd Pt black in a solution of 0.1 M HClO4 and 0.1 M HCOOH at room temperature.
he scan rate was 50 mV/s.
Elapsed Time (min)

Fig. 7. Chronoamperometry results by Au@Pt nanoparticles and Pt black. 0.1 M of
formic acid was oxidized in 0.1 M HClO4 solution at 0.3 V for 2 h at room temperature.

cating that direct oxidation occurred much more than Pt black.
Notably, Au(oct)@Pt had a very small dehydration peak, implying
that most formic acid oxidation occurs by direct oxidation follow-
ing the dehydrogenation pathway. When specific activities were
compared, the intensity of the dehydrogenation peak in the for-
ward scan was greatest for Au(oct)@Pt (4.7 mA/cm2). The peak
intensity was 2.5 mA/cm2 for Au(cub)@Pt, 2.4 mA/cm2 for Au(sph-
p)@Pt, 1.9 mA/cm2 for Au(sph-f)@Pt, and 0.5 mA/cm2 for Pt black,
respectively. It was reported that formic acid oxidation rates are
enhanced by a factor of 20 when platinum is deposited on Au(1 1 1)
compared to Pt(1 1 1) [27]. The underlying shape of the Au octa-
hedral nanocrystals might cause the enhanced activity for formic
acid oxidation. The long-term stability of Au@Pt nanoparticles was
also tested for formic acid oxidation at 0.3 V. As shown in Fig. 7,
Au(oct)@Pt showed the best current density of 0.042 mA/�g while
Pt black showed very low current density of 0.004 mA/�g after 2 h
of operation. The current density was 0.016 mA/�g for Au(cub)@Pt,
0.017 mA/�g for Au(sph-p)@Pt, and 0.014 mA/�g for Au(sph-f)@Pt.
Au@Pt nanoparticles still showed enhanced current density com-
pared to Pt black after extended hours of operation.

The cathodic reaction of fuel cells was also tested for various
Au@Pt nanoparticles and Pt black. Oxygen reduction was measured
in O2-saturated 0.1 M HClO4 with a scanning rate of 50 mV/s by
decreasing the potential from 1.0 V as shown in Fig. 8. Relative to
was higher for Au@Pt nanoparticles, and the peak intensity per unit
mass of platinum was also higher for Au@Pt nanoparticles. How-
ever, when specific activities were compared, Au(oct)@Pt showed
the highest activity (0.69 mA/cm2) and Au(sph-f)@Pt exhibited the
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Fig. 8. Cathodic sweep showing oxygen reduction by Au@Pt nanoparticles and Pt
black in O2-saturated 0.1 M HClO4 solution at room temperature. The scan rate was
50 mV/s.
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owest activity (0.24 mA/cm2); the specific activity of Pt black was
.50 mA/cm2. A recent study demonstrated that oxygen reduc-
ion occurs more on Pt(1 1 1) domains while methanol oxidation
ccurs more on stepped sites [28]. Enhanced oxygen reduction on
u(oct)@Pt might be attributed to more Pt(1 1 1) surfaces formed on
u(oct)@Pt nanoparticles. Similarly, more stepped sites on Au(sph-

)@Pt might cause the enhanced methanol oxidation.

. Conclusions

Electrocatalytic properties of platinum overgrown on cubic,
ctahedral and spherical gold nanocrystals were investigated. The
lectrochemically active surface area per unit mass of platinum
as significantly different based on the shape of underlying gold

ore nanocrystal. When platinum partially covered the gold sur-
ace, such as Au(oct)@Pt or Au(sph-p)@Pt, the interactions of
he platinum surface with CO was much stronger. Contrastingly,
u(cub)@Pt and Au(sph-f)@Pt showed a binding strength to CO

hat was similar to Pt black. Au(sph-f)@Pt, with a relatively large
urface area and weak interactions with CO, showed the high-
st mass activity and specific activity for methanol oxidation.
or formic acid oxidation, all the Au@Pt nanoparticles followed
irect dehydrogenation pathways more, showing much less poi-
oning than Pt black. Au(cub)@Pt had the highest mass activity for
xygen reduction. However, when the specific activities were com-
ared, Au(oct)@Pt showed the highest activity, implying that more
t(1 1 1) is present. The activity for electrocatalytic reactions and
he extent of surface poisoning of the overgrown platinum surface
ere significantly affected by the shape of underlying gold core
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