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ABSTRACT: Platinum nanocrystals featuring a multiply twinned
structure and uniform sizes below 5 nm are superb catalytic
materials, but it is difficult to synthesize such particles owing to the
high twin-boundary energy (166 mJ/m2) of Pt. Here, we report a
simple route to the synthesis of such nanocrystals by selectively
growing them from the vertices of Pd icosahedral seeds. The
success of this synthesis critically depends on the introduction of
Br− ions to slow the reduction kinetics of the Pt(II) precursor
while limiting the surface diffusion of Pt adatoms by conducting
the synthesis at 30 °C. Owing to the small size and multiply twinned structure of Pt dots, the as-obtained Pd−Pt nanocrystals show
remarkably enhanced activity and durability toward oxygen reduction, with a mass activity of 1.23 A mg−1Pt and a specific activity of
0.99 mA cm−2

Pt, which are 8.2 and 4.5 times as high as those of the commercial Pt/C.
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Proton-exchange membrane fuel cells (PEMFCs) are
attractive for transportation and many other applications

because of their unique capability to provide a clean and
consistent source of electricity at high efficiency, low operation
temperature, and near-zero emission of harmful gases.1−3 The
effective operation of a PEMFC requires the involvement of a
catalyst to mitigate the sluggish kinetics of the reactions, in
particular, the oxygen reduction reaction (ORR) on the
cathode. The most effective catalyst toward ORR is based
upon Pt, but its high cost and low abundance in the earth’s
crust always present a barrier to the commercialization of
PEMFCs on an industrial scale.4−6 How to reduce the Pt
loading of a catalyst without compromising its performance has
become a subject of extensive research in recent decades. Most
of the endeavors have focused on the development of Pt
nanocrystals with uniform and well-controlled sizes and shapes
to increase the catalytic activity and thus reduce the loading of
this metal.7−10 In addition, it has been recognized that twin
defects can also be utilized to enhance the catalytic activity of
Pt nanocrystals by leveraging the surface strains arising from
the defects.11−16 To this end, Pt icosahedral nanocrystals have
been identified as a strong candidate for the development of
highly active catalysts toward ORR owing to their 12 vertices
intersected by five twin boundaries, 30 edges covered by twin
boundaries, and 20 side faces featuring compressive
strains.17−20 Although there are a number of reports on the
colloidal synthesis of Pt icosahedral nanocrystals,21 it remains a
challenge to generate such a multiply twinned structure with a
compact size below 5 nm. As a result, all the Pt icosahedral

nanocrystals reported in the literature tend to suffer from low
mass activities because of their low surface-to-volume ratios or
small specific surface areas.
Herein, we report a facile route to the synthesis of Pd−Pt

great icosahedra featuring multiply twinned Pt dots by
confining the nucleation and growth of Pt atoms to the
vertices of Pd icosahedral seeds. The success of such a
synthesis critically relies on the introduction of Br− ions to
slow the reduction kinetics of the Pt(II) precursor while
decelerating the surface diffusion of the Pt adatoms by
lowering the reaction temperature to 30 °C. Owing to their
highly twinned structure and strong anchoring to the Pd
surface, the Pt dots exhibit significantly enhanced catalytic
activity and durability relative to the commercial Pt/C toward
oxygen reduction.
Figure 1 illustrates how multiply twinned dots made of Pt

are generated by faithfully replicating the vertices of a Pd
icosahedral seed. In a typical synthesis, Pd icosahedral
nanocrystals with an average diameter of 9.5 nm (see Figure
S1) are introduced as seeds to direct the nucleation and
growth of Pt under limited-surface diffusion. As one of the key
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requirements, the Pt(II) precursor has to be reduced at a
relatively slow rate by adding Br− ions to transform PtCl4

2−

into PtBr4
2−. Since the vertices of an icosahedron are

intersected by five twin boundaries and thus have the highest
surface energy, the Pt atoms preferentially nucleate and grow
from these sites. We also carry out the synthesis at a
temperature as low as 30 °C to restrict the surface diffusion
of the Pt adatoms from vertices to edges or side faces.
Altogether, the Pt atoms derived from the reduction of PtBr4

2−

are mainly deposited on and confined to the vertices of each

Pd icosahedral seed for the generation of multiply twinned Pt
dots. By optimizing the reduction rate of the Pt(II) precursor
to avoid symmetry breaking,22 all the 12 vertices of a Pd
icosahedral seed are able to receive Pt atoms, resulting in the
formation of a great icosahedron.
Figure 2a shows a representative transmission electron

microscopy (TEM) image of the as-prepared sample, in which
the Pt dots are clearly observed to protrude from the vertices
of each Pd icosahedral seed. The Pt dots have an average size
of ca. 3.2 nm (Figure S2). Owing to the introduction of Br−

Figure 1. Schematic illustration showing the nucleation and growth of Pt from all the vertices of a Pd icosahedral seed for the formation of a Pd−Pt
great icosahedron. The twin boundaries in the Pd seed are marked with red dashed lines.

Figure 2. (a) TEM and (b) HAADF-STEM images of the as-obtained Pd−Pt great icosahedra. (c) Atomic-resolution STEM image taken from the
corner region of a great icosahedron, as marked by the box in panel (b). The twin boundaries are labeled with red dashed lines. (d) HAADF-STEM
image and EDX mapping (red for Pd and green for Pt) of an individual great icosahedron.
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ions and the use of a low reaction temperature to retard both
the reduction of the Pt(II) precursor and the surface diffusion
of adatoms, the Pt atoms were conformally deposited on the
vertices of the Pd icosahedral seeds without involving
homogeneous nucleation. Figure 2b shows a high-angle
annular dark-field scanning TEM (HAADF-STEM) image of
the same sample, revealing the great icosahedral morphology.
To further validate the transfer of the twinned structure from
the Pd vertex to the Pt dot, we took an atomic-resolution
HAADF-STEM image from the region marked by a box in
Figure 2b. The image in Figure 2c confirms the presence of
multiple twin planes in the Pt dot.
The energy-dispersive X-ray (EDX) mapping of Pd and Pt is

shown in Figure 2d, revealing the spatial distributions of these
two elements. The mapping data confirms that Pd was mainly
confined to the core, while Pt was primarily located in the dots
protruding from the vertices of an icosahedral seed. Since it is
impossible to completely suppress the surface diffusion of Pt
adatoms, a small fraction of them might have diffused to the
edges and even side faces, giving some low EDX signals of Pt at
these sites. According to the result from an inductively coupled
plasma mass spectrometry (ICP-MS) analysis, the Pd−Pt
icosahedra synthesized using the standard protocol carried an
overall Pt to Pd atomic ratio of 1:4.3. This ratio can be readily
tuned by adjusting the amount of the Pt(II) precursor relative
to the number of Pd icosahedral seeds. As illustrated in Figure
S3, the sizes of the Pt dots increased with the amount of the
Pt(II) precursor.
Time-elapsed experiments were also conducted to elucidate

the growth mechanism of the Pd−Pt great icosahedra (Figure
S4). As the reaction time was extended, the Pt dots were found

to protrude more from the vertices of the Pd icosahedral seeds,
further verifying the nucleation and growth of Pt dots on all 12
vertices of each seed. This observation confirms that the
formation of Pd−Pt great icosahedra followed an atomic
deposition mechanism, with no involvement of homogeneous
nucleation and particle attachment. This growth mechanism is
different from that of another system we reported a while ago,
in which Pt nanoparticles were formed through homogeneous
nucleation, followed by their attachment to the surface of Pd
cuboctahedral seeds for the formation of Pd−Pt dendritic
nanostructures.23 The difference could be largely attributed to
the slow reduction kinetics involved in the present work, which
favors surface reduction and thus heterogeneous nucleation.24

The time dependence offers another way to tune the Pt to Pd
ratio of the final products.
We further examined the roles of Br− ions and reaction

temperature in the growth of Pd−Pt great icosahedra. Figure
S5 shows TEM images of the products obtained in the absence
of Br−. Instead of a slightly concave structure for the great
icosahedron, dendritic morphology was observed owing to the
rapid reduction of PtCl4

2− by ascorbic acid and therefore the
involvement of homogeneous nucleation and attachment
growth. The presence of Br− ions and their coordination to
the Pt2+ ions effectively slowed the reduction kinetics of the
Pt(II) precursor, ensuring the dominance of surface reduction
and heterogeneous nucleation. In the absence of Br−, the
occurrence of homogeneous nucleation and thereby attach-
ment growth contributed to the formation of a dendritic
structure.23

Figure S6 shows a TEM image of the Pd−Pt bimetallic
nanocrystals prepared under an elevated temperature of 90 °C.

Figure 3. (a) CV curves of the catalysts recorded in a N2-saturated HClO4 solution at room temperature. (b) Polarization curves of the catalysts
taken in an O2-saturated HClO4 solution. (c, d) Plots of the (c) mass and (d) specific activities toward oxygen reduction, presented as kinetic
current density (jk) normalized to the Pt mass and ECSA of the catalyst, respectively. The color scheme in (a) applies to all other panels.
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Small particles with sizes around 2.5 nm could be easily found
in the final products, which could be attributed to the fast
reduction and thus homogeneous nucleation of Pt atoms. A
similar observation was also made in our previous synthesis of
Pd−Pt dendritic nanostructures, where small Pt particles were
observed in the initial stage, and they subsequently attached to
the surface of the Pd cuboctahedral seeds for the generation of
dendritic morphology.25 Taken together, these results illustrate
the multiple roles of lowering the reaction temperature in
decelerating the reduction kinetics of the Pt(II) precursor,
promoting the surface reduction pathway, suppressing
homogeneous nucleation, and impeding surface diffusion.
Finally, we evaluated the catalytic performance of the Pd−Pt

great icosahedra toward ORR (Figure 3), together with a
comparison to that of the commercial Pt/C catalyst (Figure
S7). We used the same type of carbon (Vulcan XC-72, Cabot)
in order to minimize the impact of the support. Figure 3a
shows the cyclic voltammograms (CVs) of the carbon-
supported Pd−Pt great icosahedra and commercial Pt/C.
Electrochemical active surface areas (ECSAs) of both catalysts
were derived from summing up the charges associated with the
desorption of hydrogen and then normalized against the
amounts of Pt in the samples.26−33 Compared to the
commercial Pt/C (71.2 m2 g−1pt), the Pd−Pt great icosahedra
exhibited a much higher (almost doubled) ECSA of 124.1 m2

g−1pt (Table S1). The larger ECSA of the Pd−Pt great
icosahedra could be mainly attributed to the better dispersion
of the tiny Pt dots and thus the greater utilization efficiency of
Pt atoms. Figure 3b shows the polarization curves of the
carbon-supported Pd−Pt icosahedra and commercial Pt/C
catalyst measured in an O2-saturated aqueous HClO4 solution,

from which the kinetic current density (jk) was derived using
the Koutecky−Levich equation. The specific (jk, specific) and
mass activities (jk, mass) of the catalyst were obtained by
normalizing the jk value to the ECSA and the mass of Pt,
respectively (Figure 3c and d). The mass activities shown in
the inset of Figure 3c at 0.9 VRHE indicated that the Pd−Pt
great icosahedra were eight times more effective than the Pt/C
(1.23 vs 0.15 A mg−1Pt) in terms of Pt mass. Meanwhile, the
specific activity of the Pd−Pt great icosahedra (0.99 mA cm−2)
was 4.5 times as high as that of the Pt/C (0.22 mA cm−2) at
0.9 VRHE (inset of Figure 3d). The small size of the Pt dots
enabled a larger specific surface area and a higher atom
utilization efficiency of Pt, leading to the superior mass activity
of Pd−Pt great icosahedra. As shown in Table S2, such a mass
activity surpasses most of the previously reported Pd−Pt
bimetallic catalysts with various shapes and morphologies. The
presence of multiple twin boundaries and the associated
surface strain might also contribute to improvement in catalytic
performance, similar to the reported high specific activity of Pt
icosahedra.9,11,34−36 The enhanced catalytic activity of the
twinned Pt dots can be ascribed to a number of factors. First,
the possible incorporation of some Pd atoms in the surface of
the as-created Pt dots can reduce the energy barrier to the rate-
determining step of ORR through the ligand and geometric
effects.18 Second, the compressive strain on the regions around
the twin boundaries can downshift the d-band center to reduce
the adsorption energy between Pt and oxygen intermediates
and thus improve the catalytic activity toward ORR.37−40

The catalytic stability of the Pd−Pt great icosahedra was also
analyzed using an accelerated durability test (ADT) and was
benchmarked against the commercial Pt/C. The samples were

Figure 4. Benchmarking of the Pd−Pt great icosahedra against the commercial Pt/C catalyst. (a) CV and (b) oxygen reduction polarization curves
recorded from the Pd−Pt great icosahedra before and after 5000 and 10000 cycles of ADT. (c) Mass and (d) specific activities of the catalysts at
0.9 VRHE before and after ADT. The color scheme in (a) applies to all other panels.
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cycled in the range of 0.6−1.1 VRHE in an O2-saturated HClO4
solution. After different cycles of ADT, the ECSAs were
derived from CV curves of the Pd−Pt great icosahedra (Figure
4a) and Pt/C (Figure S8a). A high value of 106.8 m2 g−1pt was
still obtained for the Pd−Pt great icosahedra after 10000
cycles, which was even higher than the pristine value (71.2 m2

g−1pt) of the Pt/C. Meanwhile, the ECSA of the Pd−Pt
icosahedra showed a loss of 13.9% only, much smaller than
that of the Pt/C (44.5%). Additionally, the Pd−Pt great
icosahedra exhibited a much higher stability with a half-wave
potential loss of 0.01 V (Figure 4b) relative to the 0.03 V of
the Pt/C (Figure S8b). The mass activity of the Pd−Pt great
icosahedra was largely retained at 1.18 and 1.09 A mg−1Pt after
5000 and 10000 cycles (Figure 4c), corresponding to losses of
4.1% and 11.4%, respectively, while that of the Pt/C dropped
by 33.3% and 53.3% (0.10 and 0.07 A mg−1Pt) under the same
ADT conditions (Table S1). All these data confirmed the
significantly improved stability of the Pd−Pt great icosahedra.
Interestingly, the specific activity of the Pd−Pt great icosahedra
was observed to slightly increase to 1.10 mA cm−2 after 5000
cycles of ADT, relative to the initial value of 0.99 mA cm−2

(Figure 4d), suggesting the preservation of the twinned
structure while presenting surface reconstruction to expose
more active sites. To understand the enhancement in
durability, we characterized the shape of the Pd−Pt icosahedra
after 10000 cycles of ADT using TEM (Figure 5a). The
catalytic particles were still well dispersed on the carbon
support, with negligible detachment or aggregation. The
concave structure and large specific surface area of the great
icosahedra enabled more anchoring sites on the carbon
support, contributing to their superior stability. Along with
the uniform dispersion of the great icosahedral particles, the Pt
dots were well separated from each other on the Pd core,
helping maintain the high utilization efficiency of the Pt atoms.
As shown by the HAADF-STEM image in Figure 5b, the
multiply twinned structure of the Pt dot was retained during
the 10000 cycles of ADT. In comparison, the small Pt
nanoparticles in commercial Pt/C are prone to aggregation
after 10000 cycles of ADT (Figure S9), which is consistent
with its significant reduction in ECSA (Table S1).
In conclusion, we have demonstrated an effective strategy for

the facile synthesis of Pd−Pt great icosahedra decorated with
sub-5 nm multiply twinned Pt dots, which showed greatly

enhanced activity and durability toward ORR. By retarding the
reduction of the Pt(II) precursor and restricting the surface
diffusion, the deposition of Pt atoms could be largely confined
to the vertices of the Pd icosahedral seed, leading to the
formation of uniform Pt dots with small sizes (ca. 3.2 nm) and
a multiply twinned structure. With the leverage of Br− ions and
a low reaction temperature of 30 °C, the growth of Pt dots
followed an atomic deposition route with no involvement of
homogeneous nucleation or particle attachment. When
evaluated as a catalyst toward ORR and benchmarked against
the commercial Pt/C, the Pd−Pt great icosahedra exhibited
superior activity and durability. After 10000 cycles of ADT, a
7.3-fold enhancement in mass activity was still achieved for the
Pd−Pt great icosahedra relative to the pristine Pt/C due to the
preservation of twin boundaries and well-achieved separation
of the Pt dots. This synthesis is potentially extendible to other
combinations of metals for the development of bimetallic
nanocrystals with multiply twinned structures and improved
catalytic performance.
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