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ABSTRACT: Large-area icosahedral-AB13-type Pt−Pd
binary superlattices (BNSLs) are fabricated through self-
assembly of 6 nm Pd nanocrystals (NCs) and 13 nm Pt
octahedra at a liquid−air interface. The Pt−Pd BNSLs
enable a high activity toward electrocatalysis of oxygen
reduction reaction (ORR) by successfully exploiting the
shape effects of Pt NCs and synergistic effects of Pt−Pd
into a single crystalline nanostructure. The Pt−Pd BNSLs
are promising catalysts for the oxygen electrode of fuel
cells.

The well-controlled synthesis of colloidal nanocrystals
(NCs) makes the use of nanomaterials possible in a

number of applications, including electronics,1−3 magnetics,4,5

optics,1,6,7 and catalysis.8−17 Bottom-up fabrication of nano-
structures from colloidal nanocrystals such as self-assembly
provides new possibilities in preparing functional materials.18−21

Nanocrystal superlattices have been prepared through self-
assembly as early as in 1995,22 and the fabrication of
multicomponent superlattices has received great attention due
to the possibility of combining the chemical and physical
properties of different materials within a single nanostructure to
exploit the unique physical phenomena and materials.2−5,19,23−27

The interaction between different materials in the multi-
component superlattice (e.g., binary superlattices) has been
shown to be interesting in electronics3,28 and magnetics.5,25

However, the application of multicomponent nanocrystal
superlattices in catalysis has not yet been reported.
Previous research has indicated that Pd can promote the

performance of Pt catalysts for various catalytic reactions.29−34

Particularly in the oxygen reduction reaction (ORR), Pd and Pt
show a “synergistic effect” that Pd−Pt electrocatalysts exhibit
superior activity than individual Pt or Pd electrocata-
lyst.29,30,33−37 This synergistic effect is attributed to the
interaction of Pt−Pd, modifying the Pt d-band center, weakening
the electronic interaction between surface Pt atoms and
oxygenated species (e.g., OHads), thereby enhancing ORR
activity. It is well-known that Pt(111) possesses higher ORR
activity than Pt(100).38 Therefore, Pd-promoted Pt catalysts
with Pt(111) facets are highly desirable. Unfortunately, it is
challenging to prepare a catalyst with this specific structure. The
binary superlattice (BNSL) offers a new route for the catalyst

design: physically attaching Pd onto Pt(111). We extend this
principle further, and design a 3-dimensional (3D) BNSL
beyond spherical building blocks, exploiting Pt octahedra
together with Pd spheres to enhance the performance of these
materials for electrocatalysis of ORR.
We self-assemble 6 nm (diameter) near-spherical Pd NCs

(Figure S1) and 13 nm (vertex-to-vertex distance) Pt octahedra
(Figure S2) which expose (111) facets, into a Pt−Pd BNSL. In
Figures 1a and S3−S5, transmission electron microscopy (TEM)
image shows that Pd NCs and Pt octahedra take positions in a
highly ordered superlattice to form a thin film of Pt−Pd BNSL
with uniform thickness. The high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
image in Figure 1b clearly shows the octahedral shape. Scanning
electron microscopy (SEM) images (Figures 1c and S6) exhibits
a flat terrace of the Pt−Pd BNSL, reminiscent of the single crystal
surfaces which are frequently used as models to study
electrocatalysis, but now modulated at the nanoscale. Energy-
dispersive X-ray spectroscopy (EDX) mapping using STEM
(Figure 1d−f) confirms the composition of the Pt−Pd BNSL.
The images shown in Figure 1 are the [001] projection of an
icosahedral-AB13 (ico-AB13) structure. The proposed structural
model is shown in the inset of Figure 1c. The unit cell of the ico-
AB13 structure consists of 8 Pt icosahedra and 104 Pd spheres.
Each Pt octahedron is in contact with 12 Pd spheres. The AB13-
type Pt−Pd BNSL is phase-pure; no other BNSL structure is
observed in thin films of AB13-type Pt−Pd BNSLs.
TEM and HAADF-STEM images are two-dimensional (2D)

projection of 3D structures, and SEM images are limited, in that
they present surface sensitive information. Therefore, these
conventional electron microscopy images are not sufficient to
ascertain the structure of BNSLs. To uniquely assign the
structure, we employ a crystallographic analysis procedure using
a dual-axis tomography TEM holder.39 As shown in Figure 2, we
start from the [001]-oriented domain, and via [015], [013], and
[012], tilt to the [011] zone axis. This tilt series demonstrates
that the BNSL has an ico-AB13 structure (shown in inset of
Figure 1c) analogous to the NaZn13 intermetallic, this is, similar
to that of many reported AB13-type BNSLs built with spherical
building blocks.19,25,39
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To test the electrochemical properties of the Pt−Pd BNSL, the
film of Pt−Pd BNSL is assembled at the liquid−air interface and
transferred onto a 6 mm glassy carbon disc.25 A UV/ozone
treatment (10 h) is used to remove the organic capping agents,
and a thermal treatment (180 °C, 30 min) produces direct
contacts among nanocrystals for an effective Pt−Pd interaction.
Before the electrochemical measurements, CO-striping is
utilized to further clean the surface of the BNSL catalyst.36

Single component Pd nanocrystal superlattices (Figure S1) and
superlattices of Pt octahedra (Figure S2), as well as thin films of
randomly mixed Pt octahedra and Pd nanocrystals (Figures S8,
S9) are prepared and treated by the same procedure. All the thin
films deposited at the liquid−air interface have similar thickness,
and thus, they have similar loading of catalysts over the same area
of electrodes.
The cyclic voltammograms (CVs) of Pd nanocrystals, Pt

octahedra, randomly mixed Pt and Pd nanocrystals, and Pt−Pd

BNSL are presented in Figure 3a. In the region of H-adsorption
and H-desorption (i.e., 0.05−0.4 V), CV of Pd nanocrystals
shows two peaks at 0.10 and 0.21 V. CV of Pt octahedra has a
characteristic peak corresponding to Pt(111). The random
mixture has a single sharp peak at 0.19 V, which is similar to that
reported in the CV curve on an epitaxial Pd film on Pt(111).40

CV of the Pt−Pd BNSL exhibits a broad peak around 0.2 V. All
three Pt-containing thin films have similar peak areas (i.e., a
similar amount of adsorbed H atoms), confirming that the
loading of catalysts on each sample is comparable. This makes the
following ORR measurements of nanocrystal thin films and Pt−
Pd BNSL comparable.
ORR activities of nanocrystal films are tested on a rotating disc

electrode (RDE) at a rotating speed of 1600 rpm, and the results
are shown in Figure 3b. As Pd has a poor ORR activity compared
to Pt, themixture of Pt and Pd nanocrystals is expected to have an
activity between that of Pd and Pt, if there is no synergistic effect.
This result is observed on the random mixture of Pt and Pd
nanocrystals, in which Pd and Pt NCs are significantly phase-
segregated. In contrast, the ORR activity obtained with Pt−Pd
BNSLs is better than that of the separate Pt and Pd samples. The
kinetic current densities extracted from ORR polarization curves
are shown in Figure 3c and Pt-loading normalized kinetic current
densities are shown in Figure 3d. At 0.8 and 0.85 V, the kinetic
current density obtained on Pt−Pd BNSL is approximately 2 and
4 times as high as that on the Pt octahedra and the random
mixture, respectively. By normalizing the kinetic current
densities with the mass of Pt, the Pt−Pd BNSL has an even
higher activity than pure Pt octahedra, by a factor of 4 at 0.9 and
0.85 V (5 at 0.8 V), while the Pt−Pd random mixture shows a
slightly higher activity than Pt octahedra. Incorporating Pd
nanocrystals into an assembly of Pt octahedra exploits the high
ORR activity on Pt(111) and captures the Pt−Pd synergistic
effect together in a single nanostructured material, yielding
enhancements that cannot be achieved by simply mixing the
components.

Figure 1. (a) TEM, (b) STEM-HAADF, and (c) SEM images of Pt−Pd AB13-type BNSL. (d−f) STEM-EDX-mapping (green, Pt; red, Pd, f shows
overlaps of STEM image and EDX-mappings) of Pt−Pd BNSLs. Inset of c, proposed structural model: a unit cell of ico-AB13 BNSL (A, Pt octahedron in
green; B, Pd sphere in red). Scale bars: (a, b, d−f) 50 nm, (c) 100 nm.

Figure 2. Crystallographic analysis of Pt−Pd BNSLs confirms the ico-
AB13-type structure analogous to NaZn13. Tilting sequence: [001] →
[015] → [013] → [012] zone axes.
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The Pt−Pd BNSLs in AB-type structure are also prepared
(Figures 4 and S10). However, the phase-purity and the coverage
have not been optimized to an extent that allows reliable property
measurements.
In summary, we demonstrate a new method of catalyst design,

which combines the shape effects and synergistic effects to
produce a BNSL catalyst of Pt−Pd. Multicomponent NC
superlattices represent model systems for the study of
heterogeneous catalysis (including electrocatalysis), especially
for the exploration of synergistic interactions between different
metals as well as between metal and oxide supports.
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