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Nanomaterials with particular nanostructures which usually possess special properties always attract
considerable attention. A novel bimetallic Pt/Cu hexapod nanostructure was prepared by a facile one-pot
strategy. The formation mechanism was investigated by the time sequential evolution experiments and the
hexapod concave nanostructures originated from the Pt/Cu rhombic dodecahedron. Further
electrochemical measurements indicated the bimetallic Pt/Cu hexapod concave nanocrystals showed
enhanced catalytic activities. It is believed that these novel nanostuctures would open up new opportunities
for catalytic applications.

N
anocrystals with special structures usually possess special properties. Nanomaterials with particular
nanostructures such as hollow and concave structure emerge with superior optical, electronic and
catalytic properties which attract considerable attention for the past few years1–3. Recently, the concave

noble-metal nanocrystals with high-index facets and higher specific surface area are subject to intense concern
due to their excellent performance in catalysis4–8. The concave noble-metal nanocrystals were prepared mainly
through seed-mediated method and chemical etching process9,10. So far, it is still not easy to synthesize these
concave nanocrystals . Exploiting new strategy for their facile and direct synthesis remains a challenge.

Platinum based nanomaterials, as one kind of important noble-metal catalysts, are of great interest because of
their many applications in electrocatalysis, fuel cells and petrochemical industry11–13. Lately, noble-metal based
bimetallic alloy and intermetallic nanocrystals receive comprehensive concern by the researchers14,15. Bimetallic
alloy and intermetallic nanocrystals can effectively reduce the consumption of noble metal. Besides, introducing
the non-noble metal usually enhances catalytic activity compared with the single component noble-metal nano-
materials. For example, in Xia’ work, bimetallic PtPd could highly increase the oxygen reduction catalytic
activity16. More recently, Yan and his co-workers reported that the as-prepared Pt-Cu concave nanocubes
enclosed by several concave {hk0} high-index steps and facets showed superior electrocatalytic activity17.
However, preparing concave bimetallic nanocrystals is still rarely reported by other researchers.

Herein, we exploited an effective one-pot strategy to synthesize single-crystalline bimetallic Pt/Cu nanocrystals
with uniform concave nanostructures. Subsequently, this possible formation mechanism of the bimetallic con-
cave nanocrystals was speculated upon batches of contrast experiments. The different influencing factors to the
bimetallic concave nanocrystals were also discussed in this work. At last, the catalytic activity of as-prepared
Pt/Cu concave nanocrystals was evaluated by methanol oxidation reaction in an electrochemical measurement
system and compared with as-prepared solid Pt/Cu nanoparticles and commercial Pt black. It was found that the
Pt/Cu concave nanocrystals exhibited best catalytic activity among the three kinds of catalysts. By using the facile
one-pot synthesis method, the uniform bimetallic Pt/Cu concave nanocrystals were fabricated and showed
superior catalytic activity.

Results
Bimetallic Pt/Cu concave nanocrystals were typically synthesized by stirring a mixture of octadecene (ODE),
oleylamine (OAm), oleic acid (OA), [Pt(acac)2] (acac 5 acetylacetonate), [Cu(acac)2] and didodecyldimethyl-
ammonium bromide (DDAB) at room temperature in air, heating it in a teflon-lined, stainless autoclave at 200uC
for 2 h, and allowing it to cool slowly to ambient temperature. The products were collected by filtration, washed
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with ethanol to remove any possible organic remnants, and were
then dissolved in cyclohexane. The representative electron micro-
scopic images of the as-prepared bimetallic Pt/Cu concave nanocrys-
tals were shown in Figure 1a and Figure S1. These nanocrystals were
flower-like in shape with six arms, which is most like a hexapod
concave nanostructure. The average diameter of these uniform Pt/
Cu nanocrystals was ,18 nm. The further HRTEM image of Pt/Cu
nanocrystals was shown in Figure 1b. The X-ray Diffraction pattern
shown in Figure S2 illustrated that the as-obtained bimetallic Pt/Cu
concave nanocrystals were indexed to Pt/Cu alloy whose peaks were
near by the peaks of CuPt alloy compound. To further confirm the
structure of the Pt/Cu hexapod concave nanocrystals, the high-angle
annular dark-field scanning TEM (HAADF-STEM) image
(Figure 1c) showed distinct hexapod nanostructures. The energy-
dispersive X-ray spectroscopy (EDS) mapping profile shown in
Figure 1d and 1e obviously indicated that bimetallic Pt/Cu nanocrys-
tals contained both platinum and copper with homogenous distri-
bution. The EDS results (Figure S3) also indicated the as-prepared
Pt/Cu hexapod concave nanocrystals were bimetallic nanocrystals
composed of both Platinum and Copper.

A further detailed analysis by an FEI Titan 80–300 transmission
electron microscope equipped with a spherical aberration (Cs) cor-
rector for the objective lens was also shown in Figure 2. From these

HRTEM images, it was obvious that these as-obtained Pt/Cu hexa-
pod concave nanocrystals presented fine single crystalline nature.
Continuous lattice fringes and the selected area fast Fourier trans-
form (FFT) pattern displayed below the Figure 2a, b and c also
showed that the single structure of Pt/Cu hexapod nanocrystals.
Different TEM analysis results were observed from different crystal
axis by tilting the TEM samples. In the Figure 2a, 2b and 2c, the
images were the projection along the [111], [112] and [110] crystal
axis, respectively. The relevant atomic models were also given as a
schematic diagram. According to the HRTEM images and atomic
models, more atomic steps and defects were found which indicated
that the Pt/Cu hexapod concave nanocrystals could present good
catalytic activity.

Discussion
Unlike some previous reports, these bimetallic Pt/Cu concave nano-
crystals were directly synthesized through a one-pot strategy which
did not need undergo complex process9. To investigate the formation
mechanism of the bimetallic Pt/Cu concave nanocrystals, TEM and
XRD data were collected at different stages during the reaction. The
whole reaction lasted for 120 minutes and we collected samples at 80
minutes, 100 minutes and 120 minutes, respectively. The products
collected at 80 minutes were shown in Figure 3a. The as-obtained Pt/
Cu nanocrystals revealed distinct uniform rhombic dodecahedron in
shape compared with the hexapod concave nanostructures. More
details of the as-prepared Pt/Cu rhombic dodecahedron nanocrystals
were shown in Figure S418–21. As the reaction proceeded, the products
were collected at 100 minutes. From the Figure 3b and Figure S5,
some as-collected Pt/Cu nanoparticles mainly kept the rhombic
dodecahedron in shape as the samples collected at 80 minutes and
some Pt/Cu nanoparticles became the polyhedral nanoparticles
which even included some concave nanostructures. However, the
surface of the Pt/Cu nanocaystals appeared some small holes through
careful observation. At the end of the reaction, namely at 120 min-
utes, the TEM images in Figure 3c showed hexapod concave nanos-
tructure totally different from the samples collected at 80 minutes
and 100 minutes. The sketch diagrams of the three kinds of samples
were shown in Figure 3d, f, h and the amplifying TEM images were
shown in Figure 3e, g, i. According to the TEM analysis results, a
possible formation mechanism proposed: the as-synthesized rhom-
bic dodecahedron Pt/Cu nanocrystals were etched at the apex with
three seamed edge and the crystal facets were further etched, then the
remainder of the Pt/Cu rhombic dodecahedron showed the hexapod
concave nanostructure. To further elucidate the mechanism involved
in the formation of bimetallic Pt/Cu hexapod concave nano-
structures, the XRD analysis was conducted. The XRD patterns col-
lected at 80 minutes and 120 minutes were showed in Figure 3j. The
diffraction peak positions for the products with rhombic dodecahed-

Figure 1 | Nanostuctures observed by TEM, HRTEM and STEM.
(a), TEM image of Pt/Cu hexapod concave nanocrystals. (b), HRTEM

image of Pt/Cu hexapod concave nanocrystals. (c), HAADF-STEM images

of Pt/Cu hexapod concave nanocrystals. (d), EDS mapping of bimetallic

Pt/Cu hexapod concave nanocrystals. (e), EDS mapping of bimetallic

Pt/Cu hexapod concave nanocrystals.

Figure 2 | HRTEM images, FFT analysis and atomic models of Pt/Cu nanostructures observerd from crystal axis: (a), [111]. (b), [112]. (c), [110].
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ron shape were near the standard reference of Cu3Pt (JCPDS Card
No.: 65-3247), and the diffraction peak positions for hexapod con-
cave nanocrystals was near the standard reference of CuPt (JCPDS
Card No.: 48-1549). The XRD patterns revealed that the structures
and components of the samples were approximatively changed from
Cu3Pt to CuPt, which implied the main result of copper reduction in
this process. To further confirm these results, the ICP-AES analysis
was carried out. The composition (Pt:Cu) of Pt/Cu nanocrystals
collected at 100 minutes were 52.1547.9 (mass ratio) and Pt/Cu
nanocrystals collected at 120 minutes were 56.8543.2 which indi-
cated the tendency of decrease of copper. In Yan’s previous work,
the Pt/Cu concave nanocubes were also prepared by the one-pot
hydrothermal synthesis. And they mentioned that the as-reduced
Cu0 could be further oxidized by these [PtBr4]22 species and then
dissolved into the solution17. As the reaction proceed, the Pt:Cu ratio
increased which implied that the Pt was further reduced.
Considering the DDAB added in the solution, the [PtBr4]22 species
should also exist in this system. And the Cu0 reduced before were
oxidized by the [PtBr4]22 species, which resulted in the decrease of
the content of Cu in Pt/Cu alloy. After the fast etching process, the Cu
and Pt reached the balance and form the final nanostructure and
composition. According to the evolution TEM images, XRD patterns
and ICP analysis, we further confirmed the proposed formation
mechanism of the hexapod concave bimetallic Pt/Cu nanocrystals.

To further investigate the influencing factors for formation of the
hexapod concave Pt/Cu nanostructure, some contrast experiments
were conducted. Different samples were prepared by adjusting the
amount of DDAB added in the reaction solution. The samples pre-
pared without DDAB shown in Figure 4a exhibited polyhedral-like
nanoparticles. While the samples prepared with three times DDAB
shown in Figure 4b showed completely different shape which was
hexagon with six short arms. The structure was more or less like the

hexapod concave nanostructure. Further XRD analysis shown in
Figure S6 indicated that the products prepared without DDAB con-
tained more copper than the products prepared with three times
DDAB. The ICP-AES analysis was also carried out to confirm the
result. The composition (Pt:Cu) of Pt/Cu nanocrystals without
DDAB were 44.5555.5 and Pt/Cu nanocrystals with three times
DDAB were 51.8548.2. As the DDAB increased, the more
[PtBr4]22 species oxidized copper atoms on the surface of the nano-
crystals, which resulted in less copper in the Pt/Cu alloy17. From the
above contrast experiments, we believed that the DDAB played a very
important role in preparing the hexapod concave nanostructures. In
Zheng and co-workers’ work, the Br2 was proposed as the key to
form the concave nanostructures10. Some other bromide salts such as
CTAB and TOAB were used to instead of DDAB, the as-prepared
nanocrystals were shown in Figure S7 which did not show the hexa-
pod concave nanostructure. The influence of OA was also investi-
gated in this work. The TEM images shown in Figure S8 revealed
these nanoparticles synthesized without OA agglomerated and pos-
sessed nonuniform sizes. When there was no DDAB nor OA in this
synthetic system simultaneously, the samples shown in Figure S9
showed small nanoparticles without special shapes. To sum up, the
formation process of the hexapod concave nanostructures was very
complex which needed three kinds of surfactants at the same time.
Here, the OAm was mainly employed as the reductant and surfact-
ant22,23. The OA as a synergetic surfactant also played important role
in this process.

Since the bimetallic Pt/Cu hexapod concave nanocrystals had spe-
cial nanostructure, the enhanced catalytic properties were expected.
The methanol oxidation reaction was evaluated in an electrochem-
ical measurement system as the probe reaction. Commercial Pt black
and Pt/Cu nanoparticles (See the Figure S10) were used as the com-
parison. The cyclic voltammetry (CV) curves were tested on a silver

Figure 3 | Time sequential evolution experiments of Pt/Cu nanostructures. (a), (e), TEM images of Pt/Cu samples collected at 80 minutes. (b), (g), TEM

images of Pt/Cu samples collected at 100 minutes. (c), (i), TEM images of Pt/Cu samples collected at 120 minutes. (e), (f), (h), sketch maps of Pt/Cu

samples collected at 80 minutes, 100 minutes, 120 minutes. (j), XRD patterns of Pt/Cu rhpmbic dodecahedron and hexapod concave nanocrystals.
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chloride electrode and current densities were normalized to the elec-
trochemically active surface area (ECSA) estimated from hydrogen-
adsorption desorption charges. The redundant surfactants of these
as-prepared catalysts were removed by using the acetic acid for 12
hours24–26. From the TEM image shown in Figure S11, the as-pre-
pared Pt/Cu hexapod concave nanocrystals were evenly dispersed on
the active carbon without obvious change after acetic acid treatment.
The ICP analysis indicated the composition (Pt:Cu) of Pt/Cu nano-
crystals is 57.8542.2 which is similar with the Pt/Cu hexapod nano-
crystals (56.8543.2) before the treatment. Figure 5a presented
voltammetry curves of the catalysts in 0.5 M H2SO4. The current
density in the hydrogen adsorption/desorption of the Pt/Cu hexapod
concave nanocrystals were normalized to the electrochemically
active surface area (ECSA) estimated from the hydrogen-adsorption
desorption charges. To be specific, Pt/Cu hexapod concave nano-
crystals had an ECSA of 45.8 m2 g21 and it was higher than that of Pt/
Cu nanocrystals with an ECSA of 36.5 m2 g21 and Pt black with an
ECSA of 41.9 m2 g21. From the Figure 5b, it was obvious that the Pt/
Cu hexapod concave nanocrystals had the best electrocatalytic activ-
ity which was almost 2.5 times than the commercial Pt black did.
Forward peak current densities were in the order of elongated Pt
Black , Pt/Cu NPs , Pt/Cu hexapod concave nanocrystals. And
the mass activity (calculated in Pt) for the three catalysts were also
shown in Figure S12 which indicated that the Pt/Cu hexapod concave
nanocrystals possessed best catalytic activity. The result indicated
that the catalytic activity of hexapod concave Pt/Cu nanocrystal
was higher than the other two catalysts and was aslo higher than
our previous Pt/Cu hollow nanocatalysts24. In Wang’s work, the Pt
nanocrystals with high-index facets and large density of atomic steps
showed superior electro-oxidation activity27. According to HRTEM
analysis, the as-prepared Pt/Cu hexapod concave nanocrystals with
{112} facets which also belonged to the high-index facets. Besides,
because of the hexapod concave nanostructures, the eletrocatalytic
activity was promoted compared with the Pt/Cu nanoparticles.
Moreover, the enhanced catalytic activity was also proposed to come
out of the bimetallic composition17,24.

In summary, this work presented a successful synthesis of bimet-
allic Pt/Cu hexapod concave nanocrystals via a facile one-pot chem-
ical reaction. Through the time sequential evolution experiments, the
possible formation mechanism was investigated. The as-prepared
hexapod concave nanostructures originated from uniform Pt/Cu
nanocrystals with rhombic dodecahedron in shape through reduc-
tion process by the Cu0 reduced in advance. Further electrochemical
measurements indicated the bimetallic Pt/Cu hexapod concave
nanocrystals showed enhanced catalytic activities than the commer-
cial Pt balck and Pt/Cu nanoparticles because of the special nano-
structures. More studies are still required in order to investigate the
novel nanostructures. The catalytic properties of the bimetallic Pt/Cu
hexapod concave nanocrystals also need further study. It is believed
that these novel nanostructures alloys would open up new oppor-
tunities for catalytic applications.

Methods
Chemicals. The reagents used in this work, including ethanol and cyclohexane were
of analytical grade from the Beijing Chemical Factory of China, Cu(acac)2, Pt(acac)2,
OAm, ODE, OA, CTAB, TOAB and DDAB were purchased from Alfa Aesar. All the
reagents were used without further purification.

Synthesis. In a typical synthesis of bimetallic hexpod concave Pt/Cu nanoparticles,
0.025 mmol of Pt(acac)2 (acac 5 acetylacetonate) and 0.025 mmol of Cu(acac)2 were
added into the solution with 5 ml of octadecene (ODE), 4 ml oleylamine (OAm) and
2.5 ml oleic acid(OA). Then, 0.025 mmol didodecyldimethyl-ammonium bromide
(DDAB) was added into the as-prepared solution with vigorous stirring. After 15
minutes, the mixture was transferred to the teflon-lined, stainless autoclave. The
reaction lasted for two hours at 200uC. Two hours later, the autoclave was taken out to
cool down slowly at the ambient temperature. The products were collected and
washed with ethanol several times. The as-obtained Pt/Cu hexapod concave
nanocrystals were dispersed in 5 ml of cyclohexane.

Characterization. The powder XRD patterns were recorded with a Bruker D8-
advance X-ray powder diffractometer with CuKa radiation (l 5 1.5406 Å). The
composition of the product was measured by the inductively coupled plasma-mass
spectrometry (ICP-MS). The size and morphology of as-synthesized samples were
determined by using Hitachi model H-800 transmission electron microscope and
JEOL-2010F high-resolution transmission electron microscope. High-resolution
transmission electron microscopy observations were performed by using a FEI Titan
80–300 transmission electron microscope equipped with a spherical aberration (Cs)
corrector for the objective lens.

Electrochemical studies. Electrochemical measurements were conducted in an
electrochemical cell with a three-electrode configuration at room temperature. The
Pt/Cu nanocrystals were mixed with the active carbon to prepare the catalysts. The
weight loading of active carbon supported precursor catalyst was 20 wt%. The catalyst
was prepared by ultrasonic processing of Pt/Cu nanocrystals and active carbon. Then,
the samples were added with 20 mL of acetic acid and heated for 12 hours at 70uC.
The catalysts were separated by centrifugation and re-dispersed in de-ionized water to
form a 1 mg/mL suspension. All cyclic voltammograms were recorded after 500
potential cycles and no change in voltammetric features was observed before and after
electrochemical characterization.
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