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Platinum nanoparticles (Pt NPs) have been extensively
studied because of their unique catalytic properties in various
significant applications.[1–8] It has been shown that the
catalytic activity of Pt NPs is highly dependent on the surface
atomic arrangements of the particles.[9–11] For example,
previous studies on oxygen reduction in adsorbing acidic
solutions show that Pt {100} planes are more active than Pt
{111} planes,[12,13] and the current density measured on Pt
nanocubes is higher than that of truncated cubic Pt nano-
crystals (NCs).[14] Pt nanocubes[15–17] have therefore received
more attention as electrocatalysts than other morphologies
such as multipods[18, 19] and one-dimensional nanostruc-
tures.[20, 21] To further reduce the overall use of expensive Pt
and afford the potential of poisoning resistance, platinum-
based bimetallic NCs such as Pt–Ni,[22, 23] Pt–Co,[24–28] and Pt–
Cu[29–32] have attracted increasing interest. Moreover, recent
reports indicate that electrocatalytic activities of some
platinum-containing bimetallic NCs are superior to those of
pure Pt metal.[25–28] Therefore, the synthesis of platinum-
containing nanocubes and the examination of their electro-
catalytic performance is a highly worthwhile and significant
step. However, to the best of our knowledge, there have been

very few reports on the preparation of platinum-containing
bimetallic nanocubes and the investigation of their electro-
catalytic behavior to date. Herein, we report a convenient and
effective colloidal method for the synthesis of high-quality Pt–
Cu nanocubes and their electrocatalytic activity towards
methanol oxidation. The influences of several important
experimental parameters on the final product development
were also explored through systematic studies on the growth
of Pt–Cu nanocubes.

The Pt–Cu nanocubes were prepared by simultaneous
reduction of a 1:1 molar ratio of platinum(II) acetylacetonate
([Pd(acac)2]) and copper(II) acetylacetonate ([Cu(acac)2]) by
1,2-tetradecanediol (TDD) in 1-octadecene (ODE) as sol-
vent, which also contained tetraoctylammonium bromide
(TOAB), oleylamine (OLA), and a trace amount of 1-
dodecanethiol (DDT). A typical transmission electron micro-
scopic (TEM) image shows that the overall morphology of the
sample consists of (8.0 � 1.0) nm (side length) Pt–Cu nano-
cubes, which are formed in greater than 90% selectivity
(Figure 1a). The nanocube composition has been extensively
investigated by using various techniques including inductively
coupled plasma mass spectrometry (ICP-MS) and energy-
dispersive X-ray spectroscopy equipped on a TEM (EDS-
TEM),[33] and the consistent results obtained suggest that the
Pt/Cu molar ratio is 3:2. A TEM diffraction pattern of the Pt–
Cu nanocubes (Figure 1b) indicates a high crystallinity of
these NCs and a {200}-enhanced diffraction (see below). The
high-resolution TEM (HRTEM) image of a single Pt–Cu
nanocube (Figure 1c) shows clear lattice fringes with an
interfringe distance of approximately 1.90 �, which corre-

Figure 1. a) Low magnification TEM image of the overall morphology
of Pt–Cu nanocubes. b) TEM selected-area electron diffraction pattern
of the Pt–Cu nanocubes. c) High-resolution TEM image of a selected
Pt–Cu nanocube.
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sponds to the lattice spacing of the Pt–Cu {200} planes. A
powder XRD pattern of the Pt–Cu nanocubes deposited on a
normal sample holder (Figure 2) displays typical peaks that

are in agreement with those of a standard PtCu pattern (refer
to JCPDS ICDD card 48-1549). No single-component peak
from either Pt or Cu was detected, thus confirming the
presence of only single-phase PtCu alloy. Note that, as shown
in Figure 2, the relative intensity of the (200) diffraction peak
is much stronger than that of the (111) peak, with an
approximate ratio of 240:100. This signal, when compared
to the face-centered cubic (fcc) PtCu alloy pattern with a ratio
of 65:100 (JCPDS ICDD card 48-1549), indicates that the NC
pattern was (100) textured. Assembly of these nanocubes
apparently results in a further enhancement of the (200) peak
(Figure 2, inset); in this case the sample suspension was
deposited on a polished < 100> silicon wafer prior to the
XRD measurement. As discussed previously,[34] this observa-
tion suggests the existence of a Pt–Cu nanocube layer, thus
further verifying the dominance of cubic Pt–Cu in the
product.

Among all the experimental parameters, the amount of
TOAB appears to be the key for successful nanocube
preparation. In the absence of TOAB, only faceted polyhedral
NPs with a broad size distribution are produced (Figure S1a in
the Supporting Information). Addition of TOAB (0.3 mmol)
into the typical system (see the Experimental section) results
in polyhedral NPs that are much less shape-controlled and
contain around 40% cubelike NPs with a size range of 2.5 to
7.8 nm (Figure S1b in the Supporting Information). If the
amount of TOAB is increased to 1.0 mmol, the final products
are composed of aggregated octapods and tetrahedra with a
size range of 20 to 30 nm (Figure S1c in the Supporting
Information). TOAB therefore plays the most important role
in controlling the size of the Pt–Cu nanocubes. We propose
that the Br� ions from TOAB effectively stabilize the {100}
faces of the Pt–Cu NCs; this stabilization lowers the total
surface energy of the {100} faces and induces the evolution of
nanocubes. This function of Br� ions in metallic nanocube
evolution has been elucidated previously.[35–37] The effective-
ness of TOAB can be further confirmed by replacing TOAB

with the same amount of cetyltrimethylammonium bromide
(CTAB), although use of the latter leads to a slight
degradation of the product quality. Pt–Cu NCs synthesized
using CTAB exhibit the following characteristics: they have a
lower proportion of nanocubes mixed with nanotetrahedra,
they are easily aggregated, and contain a considerable amount
of small NPs with a size of less than 2 nm (Figure S2 in the
Supporting Information). This relatively low quality possibly
results from the low compatibility of CTAB with the solvent
used. It was realized that OLA plays another significant but
different role. Without OLA, NCs with a high degree of
aggregation were formed (Figure S3a in the Supporting
Information), which indicated that OLA is indispensable for
the stabilization of the colloidal NCs. If too much of OLA
(e.g., 1.8 mmol) was used, however, aggregated NCs with
enlarged sizes were produced (Figure S3b in the Supporting
Information), which suggests that less Pt is released for the
nucleation because of the stronger binding of OLA.[38, 39] We
therefore infer that an appropriate amount of OLA is
essential to tentatively stabilize the clusters of Pt as well as
Cu in the initial stage of the reaction, and that the growth of
Pt–Cu nanocubes is synergistically controlled by both OLA
and TOAB. In order to harvest high-quality Pt–Cu nanocubes,
the ratio of OLA/TOAB was optimized in the range from 1.5
to 2.0.

In addition to the cooperative effect of TOAB and OLA,
the morphology of the NCs is also strongly affected by DDT,
the presence of which can fine-tune the reduction rate
between PtII and CuII. In the absence of DDT, most of Pt–
Cu NCs produced are 1–3 nm in size and irregular in shape,
with a mixture of a few Pt–Cu nanocubes that are approx-
imately 4 nm in size (Figure S4a in the Supporting Informa-
tion). Under the typical experimental conditions, only
0.05 mmol of DDT was required to generate ideal Pt–Cu
nanocubes. An excess of DDT (e.g., 0.075 mmol) results in
the growth of some partially filled nano-octapods (> 60%)
with a size of 13–19 nm, and some flowerlike NCs (Figure S4b
in the Supporting Information). We have specifically exam-
ined the decomposition temperature of a single Cu or Pt
precursor in the same system. Without DDT, Pt, or Cu, the
precursors start to decompose at 180 or 230 8C, respectively, in
comparison with the initial decomposition temperature of
approximately 215 8C in a typical Pt–Cu alloy synthesis. It is
concluded that DDT acts as a co-reduction agent that
accelerates the reduction rate of CuII and reduces that of
PtII. As a mild reducing agent, TDD can facilitate the
nucleation process and is also necessary for the formation of
Pt–Cu nanocubes with uniform sizes. In the absence of TDD,
the NCs were formed as partially filled octapods with sizes of
10–13 nm (Figure S5a in the Supporting Information). Once a
small amount of TDD was introduced, the particle size
significantly decreased. For instance, the size of Pt–Cu
nanocubes prepared with 1.0 mmol TDD could be reduced
to 5–10 nm (Figure S5b in the Supporting Information).

To explore the nanocube growth mechanism, we system-
atically analyzed the intermediate with a precise tuning of the
relative amounts of TDD and DDT. In a typical synthesis, the
reaction (with 0.5 mmol TDD and 0.05 mmol DDT) pro-
ceeded too fast to trap the intermediates. When the amounts

Figure 2. Powder X-ray diffraction (XRD) pattern of the Pt–Cu nano-
cubes. The inset XRD pattern was recorded from a self-assembled thin
film of Pt–Cu nanocubes on a polished silicon wafer and shows the
(100) texture.
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of TDD and DDT were varied to 0.25 and 0.07 mmol,
respectively, it was possible to extract the intermediate NCs
successfully once the system temperature approached 223 8C.
A TEM image of the instantaneously formed product is
shown in Figure 3a. This product is believed to be the

intermediate that is formed while the nucleating seeds were
converting to nanocubes, as indicated by a rapid color change
of the solution from light-yellow to dark-brown at this crucial
point. As shown, most of the NCs (> 90%) are octapods with
an average size of 6–8 nm, and some are tetrahedra with a side
length of 7–8 nm. It is believed that the evolution process
consists of a nucleation stage and a further Ostwald ripening
growth.[40,41] In the short nucleation stage, a kinetic equilib-
rium, which arises from the supersaturation of the precursors
and results in a rapid deposition of metallic clusters into seeds,
may be the key driving force for the NC growth.[42] It has also
been reported that the {100} crystallographic facets for an fcc
structure generally possess higher surface energy than the
{111} facets.[43, 44] Studies on bulk PtCu indicate that the {100}
faces are of higher surface energy because of atomic
interdiffusion as well as Cu segregation on {100}.[45] These
factors result in an anisotropic growth, which makes the
crystal growth rate in the < 100> direction much faster than
that in other directions. In order to minimize the total surface
energy, the tiny seeds have to be developed as nano-octapods
or nanotetrahedra that are bounded by {111} low-surface-
energy facets, whereas the {100} planes are rapidly eliminated.
When the seeds are completely generated, the difference of
total surface energy on each crystal surface will thermody-
namically dominate the shape evolution because of the
existence of well-developed crystal facets and the consump-
tion of feedstock. As discussed above, the order of the total
surface energy of various crystallographic facets in solution
may be altered by varying the composition of mixed capping
ligands, as the binding capability of each capping ligand on
various crystal facets may not be the same (for example, the
bromide ion of TOAB can selectively stabilize the {100}
facets). With an appropriate tuning of the ligand composition,
the {100} facets can have the lowest surface energy and remain

as the terminal planes of NCs. In this case, it will be
energetically favorable for the spaces between the octapod
branches to be filled by the further-reduced Pt and Cu atoms,
and the particles will eventually develop into nanocubes with
some traces of partially filled Pt–Cu nano-octapods (Fig-
ure 3a). Nevertheless, these tetrahedral seeds will have to
maintain their morphology throughout, because the gener-
ation of an intermediate structure for the conversion between
the nanotetrahedra to nanocubes may require much higher
energy. In very rare cases, a minor constituent of multi-
twinned particles with a decahedral shape may be simulta-
neously generated from the nucleation. This type of seeds
may result in the growth of nanorods with a fivefold twinned
rod structure as discussed previously.[41,46–49] The nucleation
and even additional growth process are actually reasonably
fast. Under present conditions, “crÞpe-shaped” Pt–Cu nano-
cubes can be generated in around 4 min (Figure 3b).

The catalytic activity of the Pt–Cu nanocubes towards
methanol oxidation was investigated. A cyclic voltammo-
grams (CVs) of these nanocubes in 0.1m HClO4/1m MeOH is
shown in Figure 4 a. For comparison, results from experiments

with spherical Pt–Cu and Pt NCs of similar sizes are also
included. The current density (J) was calculated with respect
to the Pt surface area measured from the hydrogen adsorp-
tion–desorption charges. The electrode potentials are
reported versus a reversible hydrogen electrode (RHE). It
is clear that the highest methanol oxidation current density
was obtained with Pt–Cu nanocubes. For example, the
maximum peak value of methanol oxidation current density
on Pt–Cu nanocubes is 4.7 mAcm�2, whereas that for the Pt
NPs is 1.1 mAcm�2. The higher methanol oxidation current
density on Pt–Cu nanocubes was further confirmed by the
chronoamperometric measurements performed at 0.8 V (Fig-
ure 4b). The catalytic activity follows the order Pt–Cu
nanocube>Pt–Cu nanosphere>Pt nanosphere, with cur-
rent-density values of 2.1, 1.5, and 0.4 mA cm�2, respectively,
at 100 s and 0.8 V. The same activity order was also observed
at 0.6 V, and the activity on Pt nanospheres is very similar to
that of commercial Pt/C catalysts (Figure S6 in the Supporting
Information). Interestingly, the methanol oxidation activity of

Figure 3. TEM images of intermediate products collected in a typical
synthesis under specified conditions. a) During the solution color
change from light-yellow to dark-brown while the system temperature
reached 223 8C (0.25 mmol TDD, 0.07 mmol DDT) and b) after 4 min
of reaction at 230 8C.

Figure 4. a) Cyclic voltammograms of MeOH oxidation on Pt–Cu
nanocubes (—), Pt–Cu nanospheres (– –), and Pt nanospheres (–·–·)
in 0.1m HClO4/1m MeOH (scan rate: 0.02 Vs�1). The electrode
potentials are reported versus a reversible hydrogen electrode (RHE).
b) Chronoamperometric results of MeOH oxidation at 0.8 V on Pt–Cu
nanocubes, Pt–Cu nanospheres, and Pt nanospheres in 0.1m HClO4/
1m MeOH.
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Pt–Cu nanospheres decreased over longer periods of time,
and eventually reached the same level as that of the Pt
nanospheres. These results apparently indicate that the {100}-
confined Pt–Cu nanocubes offer a higher electrocatalytic
activity towards methanol oxidation than those with mixed
crystallographic facets. The higher catalytic activity of Pt–Cu
nanocubes may be attributed to the electronic structure
modification of Pt surface with the presence of Cu, as
commonly observed in transition-metal–Pt alloys.[50–52]

In conclusion, high-quality Pt–Cu nanocubes were suc-
cessfully prepared from a hot organic solution. All of the
synthetic conditions, such as the OLA/TOAB ratio as well as
the amounts of DDT and TDD, were fully optimized for the
formation of Pt–Cu nanocubes. The mechanism of nucleation
and NC growth was explored and discussed based on
observation of the intermediate NPs when partial reaction
parameters were precisely tuned. The electrochemical cata-
lytic activity of these Pt–Cu nanocubes towards methanol
oxidation was also evaluated in comparison with the activity
of spherical Pt–Cu NCs and Pt NCs with similar sizes. The Pt–
Cu nanocubes demonstrated a superior electrocatalytic
activity, which implies that the {100}-terminated Pt–Cu nano-
cubes offer a higher activity towards methanol oxidation than
those with mixed crystallographic facets.

Experimental Section
In a typical synthesis, [Pt(acac)2] (0.05 mmol), [Cu(acac)2]
(0.05 mmol), DDT (0.5 mmol), and TOAB (0.6 mmol) were mixed
with ODE (7.0 mL) in a three-neck flask, and heated under vigorous
agitation. With an increase in temperature, the reactants gradually
dissolved, and the solution became clear at 80 8C. The mixture was
then heated to 110 8C, and premixed OLA (0.94 mmol) in ODE
(1.6 mL) and prediluted DDT (0.05 mmol) in ODE (0.25 mL) were
then injected into the flask in sequence. The solution was subse-
quently heated to 230 8C for 20 min, quenched by quickly injecting
toluene (6 mL) into the system, and cooled to room temperature
without further agitation. Details of synthetic procedures and
characterization are given in the Supporting Information.
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