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ABSTRACT: Here we propose facile and scalable synthesis of two-
dimensional (2D) dendritic platinum nanoparticle at room temper-
ature by exploiting an oil-in-water emulsion. The interfacial synthesis
selectively provides platinum nanoparticle with 2D structure in high
yield by controlling key reactants such as the amount of oleic acid and
the concentration of block copolymer. Electrocatalytic activity of 2D
dendritic platinum nanoparticle for oxygen reduction and methanol
oxidation reaction is also examined.
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Platinum nanoparticles have attracted considerable attention
because of their high catalytic performance in a wide

variety of applications ranging from fine-chemical synthesis to
energy harvesting.1−5 Many studies have been focused on the
synthesis of platinum nanoparticles with tunable size and shape
to further improve their physicochemical properties. Con-
sequently, platinum nanoparticles with various shapes such as
sphere,6 cube,7,8 polyhedron,9,10 mesoporous structure,11 and
wire12,13 have been reported to show high catalytic perform-
ance. Among the platinum nanoparticles, those with dendritic
structure would offer several key advantages such as high
surface-to-volume ratio and numerous absorption sites that are
available for catalytic reactions without diffusion limitation.14,15

To date, the proposed synthetic techniques for such dendritic
nanoparticles rely on either thermal decomposition of platinum
precursors16−18 or physical sacrificial templates.19,20 However,
thermal decomposition is typically carried out at high
temperatures and needs delicate temperature control during
synthesis, and the template-based method requires additional
steps for the preparation and removal of the template, making
scale-up for industrial applications difficult.
Here we report room-temperature, facile, and scalable

synthesis of two-dimensional (2D) dendritic platinum nano-
particle using an oleic acid-in-water emulsion. Interestingly, this
immiscible liquid/liquid interface produces the nanoparticle
with 2D dendritic structure and large accessible surface area for
neighboring reactants without diffusion limitation. 2D dendritic
platinum nanoparticle can be selectively obtained in high yield
by controlling the amount of oleic acid and the concentration

of block copolymers. In addition, electrocatalytic activity of the
nanoparticle in oxygen reduction reaction and in methanol
oxidation reaction is studied.
Figure 1 presents a schematic illustration of the experimental

procedure for the interfacial synthesis of 2D dendritic platinum
nanoparticle (DPN) at room temperature. In brief, H2PtCl6
aqueous solution containing the triblock copolymer poly-
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO100-PPO65−PEO100, Pluronic F127) was prepared, and the
reducing agent, NaBH4, was then added to the solution. We
observed that the color of the solution immediately changed to
light brown (Figure 1c), indicating the formation of small
platinum seeds. Oleic acid was then introduced into the
solution with vigorous stirring to create an emulsion. As the
reaction proceeded, the color of the emulsion gradually
changed to brownish black (Figure 1c), which is indicative of
the growth of platinum nanoparticle in the oleic acid-in-water
emulsion system. Because of difference in densities of oil and
water, the emulsion was easily separated into oleic acid and a
brownish black aqueous phase after the reaction. The absence
of an absorbance peak for the platinum precursor (i.e.,
H2PtCl6) after 30 min shows the complete reduction of the
precursor (Figure S1a in the Supporting Information).
To characterize as-synthesized platinum nanoparticle, the

aqueous phase was sampled by centrifugation (three times) to
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remove the reactants. Figure 2a shows representative trans-
mission electron microscope (TEM) images of the nanoparticle
obtained from the emulsion. The platinum nanoparticle clearly
has a dendritic structure with many small branches (inset of
Figure 2a). To statistically analyze their lateral sizes, 100
particles in a microscope image are randomly selected. The
average lateral sizes with respect to the x- and y-axes of the
particles are found to be 76.3 ± 12.6 nm and 73.9 ± 13.3 nm
(Figure 2c), respectively. The thicknesses of the particles were
measured under an atomic force microscope, as shown in
Figure 2b. The average thickness of 13.3 ± 7.6 nm (Figure 2c)

suggests that the nanoparticles are quite 2D. Energy-dispersive
X-ray spectroscopy (EDS) of 2D DPN was also performed.
EDS spectrum shows the peaks that are assigned to platinum
(Figure 2d). EDS spectrum presents the peak that corresponds
to oxygen (Figure 2d), indicating the existence of the oleic acid
at the surface of 2D DPN before washing. We obtained EDS
spectrum after washing with ethanol. EDS spectrum shows that
the peak intensity of oxygen after washing is dramatically
decreased (Figure S2 in the Supporting Information),
indicating the complete desorption of the oleic acid. Note
that additional peaks in EDS spectra are originated from a

Figure 1. (a, b) Schematic illustration of the interfacial synthesis of two-dimensional dendritic platinum nanoparticle using an oleic acid-in-water
emulsion at room temperature. (c) Photographs corresponding to each experimental step. Scale bar = 1 cm (c) and 25 nm (TEM image in b).

Figure 2. Characterization of platinum nanoparticle synthesized in an oleic acid-in-water emulsion. (a) TEM images of particles sampled from the
aqueous phase. (b) Typical image and thickness profile of a particle measured under an atomic force microscope. (c) Statistical analysis results for
the lateral size (x-, y-axis) and thickness (z-axis). (d) EDS spectrum, (e) high-resolution TEM images, and (f) SAED pattern. Scale bars are (a) 100
nm and (inset) 20 nm; (e) 10 nm and (inset) 1 nm.
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copper grid. High-resolution TEM images of 2D DPN are
captured to identify the crystalline structure (Figure 2e). The
calculated lattice spacing is 0.23 nm (1 in Figure 2e) and 0.20
nm (2 in Figure 2e) which correspond to lattice characteristics
of {111} and {200} planes of typical face-centered cubic (FCC)
lattice, respectively.21,22 In addition, selected area electron
diffraction (SAED) pattern of the particle was obtained. SAED
pattern shows circular rings corresponding to {111}, {200},
{220} and {311} planes of FCC lattice (Figure 2f), indicating
polycrystalline nature of 2D DPN.
To further elaborate the interfacial synthesis, we explored the

effect of the amount of oleic acid on the final structure of the
nanoparticle obtained from the emulsion by changing the
volume of added oleic acid from 0 to 8 mL. The selectivity for
2D dendritic nanoparticle in the absence of oleic acid is found
to be only 11.4% (Figure 3a). As the volume of oleic acid is
increased, the selectivity drastically increases up to 82.9%
(Figure 3a).
Because the block copolymer would stabilize both small

platinum seed and large 2D nanoparticle,23−25 we also

examined the effect of PEO100-PPO65−PEO100 block copolymer
on the growth of nanoparticle by varying its concentration from
100 nM to 1 mM. At low concentrations (100 nM and 1 μM),
aggregates of numerous spherical nanoparticles with around 10
nm diameter (Figure 3b) are mainly observed. Note that at low
concentrations, the color of oleic acid changed to black,
indicating the diffusion of nanoparticles into the oleic acid layer
(Figure S1b in the Supporting Information). With increasing
the concentration of the block copolymer (10 μM and 100
μM), the number of particle with 2D dendritic shape increases
(Figure 3b). Upon further increases in the concentration to
above the critical micelle concentration, three-dimensional
nanoparticle with small branches is found to be formed (1 mM
in Figure 3b).
On the basis of these experimental observations, we postulate

the reaction mechanism for the formation of 2D DPN under
the given experimental conditions as following: (1) amphiphilic
block copolymer that would cap small platinum seeds with
around 10 nm diameter,24 is likely to be adsorbed onto the
immiscible interface between oleic acid and water.26−28 (2)

Figure 3. (a) TEM images showing the effect of the amount of oleic acid on the structure of platinum nanoparticle and shape distribution with
respect to the 2D nanoparticle (red) corresponds to light-gray particles in the TEM image, and three-dimensional nanoparticle (blue) correspond to
dark-gray particles formed according to amounts of added oleic acid used for forming an emulsion. The amounts of oleic acid are 0, 2, 4, 6, and 8 mL,
respectively. (b) TEM images showing the effect of PEO100-PPO65−PEO100 block copolymer concentration on the particle shape and shape
distribution with respect to the 2D dendritic nanoparticle (red) and others (e.g., spherical and 3D dendritic structure) (black). The concentrations of
the block copolymer are 100 nM and 1, 10, 100 μM, and 1 mM, respectively. Scale bars = (a) 50 and (b) 20 nm.
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Because the interface can provide diffusion-controlled growth
conditions driven by the attraction of platinum precursors to
the carboxyl headgroup of oleic acid,29,30 small seeds would
undergo further structural evolution to larger 2D dendritic
nanoparticle at the interface.
To examine the electrocatalytic activity of 2D DPN, we

carried out an oxygen reduction reaction. Cyclic voltammetry
(CV) plots of 2D DPN before and after washing with ethanol
exhibit two characteristic potential regions (Figure 4a) that

correspond to the hydrogen adsorption/desorption in the range
−0.2 and 0.1 V, and the platinum oxidation from 0.2 to 0.8 V,
respectively. Compared to 2D DPN before washing, the peak
current is significantly increased after washing. The electro-
chemical active surface area (EASA) is also calculated by the
hydrogen adsorption/desorption based on the CV data (Table
S1 in the Supporting Information). The EASA of 2D DPN is
increased by 5 times after washing (from 14.26 to 71.24 m2/g).
Linear-sweep voltammetry (LSV) curves (inset Figure 4a)
show that the onset potential of 2D DPN after washing with
ethanol is 0.69 V, while the nanoparticle before washing does
not show any considerable change due to oleic acid physisorbed
on the surface of the particle. For a comparison, commercially
available carbon-supported Pt catalyst (Pt/C, 20 wt % Pt,
platinum nanoparticles on carbon black, mean diameter of
platinum particle ≈ 3.4 nm) was tested in oxygen reduction
reaction. LSV curves in Figure 4b show that the onset potential
of our 2D DPN (0.69 V) is higher than that of Pt/C (0.65 V).

Next, methanol oxidation reaction was also examined. CV
plots (Figure 4c) show that the peak in the forward scan of the
2D DPN (0.64 V) is slightly higher than the Pt/C (0.62 V) and
the backward scan produces a similar result (2D DPN: 0.48 V,
Pt/C: 0.43 V). In addition, the peak currents in both the
forward and backward scans of our 2D nanoparticle are higher
than those of Pt/C (2D DPN: 0.64 and 0.56 mA, Pt/C: 0.57
and 0.36 mA). We further investigated the change in the
electrocatalytic activity by annealing 2D DPN. As shown in
Figure S3 in the Supporting Information, the morphology of
the particle changes from dendrite to aggregate as the annealing
temperature increases, indicating that the surface-to-volume
ratio of the nanoparticles markedly decreases. CV plots in
Figure 4d show that as the annealing temperature increases,
peak currents in the forward scan at 0.64 V of the annealed
nanoparticles decrease from 0.64 to 0.08 mA. A similar decrease
in peak currents in the backward scan at 0.49 V (from 0.56 to
0.05 mA) is also observed.
In conclusion, we have demonstrated that an oleic acid-in-

water emulsion can be utilized to prepare 2D dendritic
platinum nanoparticle at room temperature. Both the amount
of oleic acid and the concentration of block copolymer
(PEO100-PPO65−PEO100) play an important role in the
formation of the resulting 2D dendritic nanoparticle. The 2D
dendritic platinum nanoparticle exhibits higher electrocatalytic
activities for oxygen reduction reaction and methanol oxidation
reaction than commercial Pt/C. Annealing 2D dendritic
platinum nanoparticle reduces electrocatalytic activity for the
methanol oxidation reaction because of the decrease in the
surface-to-volume ratio.
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■ ABBREVIATIONS
2D, two-dimensional

Figure 4. (a) Cyclic voltammetry (CV) plots of 2D dendritic platinum
nanoparticle (DPN) before (blue) and after (red) washing with
ethanol in N2-saturated 0.1 M HClO4 aqueous solution. Linear-sweep
voltammetry (LSV) curves of 2D DPN before and after washing in
oxygen reduction reaction (inset). (b) LSV curves of 2D DPN washed
with ethanol (red) and Pt/C (black) in O2-saturated 0.1 M HClO4
aqueous solution. (c) CV plots of 2D DPN washed with ethanol (red)
and Pt/C (black) and (d) CV plots of 2D DPN subjected to heat
treatment at different temperatures in a N2-saturated 0.5 M H2SO4
aqueous solution containing 1 M methanol. The scan rate was 50 mV/
s.
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PEO100-PPO65−PEO100, poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide)
DPN, dendritic platinum nanoparticle
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