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ABSTRACT: Here we report a facile synthesis of Pt-on-Pd
bimetallic nanodendrites with a Pd interior and dendritic Pt
exterior. The developed route rationally utilizes the spontaneous
separation of the depositions of Pd and Pt, which endows direct
formation of Pt-on-Pd nanodendrites. This is a truly simple and
unique process that is quite different from the traditional seed-
mediated growth strategy. Fine-tuning of the Pt and Pd ratios
afforded Pt-on-Pd nanodendrites with superior electrocatalytic
activity in comparison with commercial Pt electrocatalysts.

Currently, the tailored design of Pt-based bimetallic hetero-
nanostructures has attracted considerable interest because
these materials are highly promising catalysts."” In comparison
with monometallic Pt nanostructures, Pt-based heteronanostruc-
tures show advanced catalytic activities.>* For instance, relative
to Pt alone, Pt—Au heteronanostructures show superior oxygen
reduction activity.” The catalytic properties of the heteronanos-
tructures are strongly dependent on their sizes, shapes, and
compositions.” "' Fine control of the structural features and
compositions is highly favorable for the creation of new Pt
nanocatalysts with enhanced catalytic performance and im-
proved Pt utilization efficiency.

Because of their superior catalytic activity, Pt—Pd heterona-
nostructures are among the most interesting metallic nanostruc-
tures.">"> They can be generally produced by either successive
coreduction of Pt and Pd species'*™'® or a seed-mediated growth
method."” For instance, hollow Pt—Pd alloyed nanocubes can be
prepared by a coreduction route'® and PA@Pt core—shell nano-
plates via the epitaxial growth of Pt on Pd nanoplates.'”” Among
various Pt—Pd heteronanostructures, Pt-on-Pd bimetallic nanoden-
drites with highly branched shapes represent a very recently
discovered new type of structure and are highly exciting electro-
catalysts with high activity."®'” In contrast to traditional Pd@Pt
core—shell structures, Pt-on-Pd nanodendrites with a small-sized Pd
core and spatially separated Pt branches can drastically suppress the
activity loss derived from the agglomeration of Pt active sites.

As a recent significant achievement, Pt-on-Pd nanodendrites
were successfully prepared by a seed-mediated growth strategy
using 9 nm octahedral Pd nanocrystals as seeds for the subse-
quent growth of Pt branches at 90 °C for 3 h, and they exhibited
higher oxygen reduction activity than pure Pt.'® Similar struc-
tures were also obtained by reducing Pt(acac), in a diphenyl
ether/oleylamine mixture in the presence of preformed 5 nm Pd
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nanogparticles as seeds under an argon atmosphere at 180 °C for
1 h."” To date, only very limited Pt-on-Pd nanodendrites have been
demonstrated. Moreover, all of the previous reports have been based
on seed-mediated growth strategies at high temperatures. Such two-
step synthetic methods are strongly dependent on the use of faceted
Pd seeds to direct the subsequent growth of the Pt branches.'®"’
Without the use of the preformed uniform and well-defined Pd
seeds, both the particle size and shape of the Pt-on-Pd nanoden-
drites are uncontrollable."® Therefore, the development of a direct
and effective route for large-scale synthesis is an urgent topic that
must be addressed in order to further the evolution of the exciting
and highly active Pt-on-Pd nanodendrites.

In this communication, we propose a very simple and high-
yield route for the direct synthesis of Pt-on-Pd nanodendrites in
aqueous solution at room temperature within 30 min without the
need for any preformed Pd seeds, organic solvent, or high
temperature. The newly developed one-step synthesis rationally
utilizes the spontaneous separation of the depositions of Pd and
Pt, resulting in the one-pot formation of Pt-on-Pd nanodendrites.
By spatial control of both the composition and shape, superior
electrocatalytic activity is realized. In contrast to the two-step
seed-mediated growth strategies, the proposed method exhibits
remarkable simplicity, which is a significant breakthrough in the
synthesis of Pt-on-Pd nanodendrites.

To prepare Pt-on-Pd nanodendrites, S mL of an aqueous
solution containing 17.5 mM K,PtCly, 2.5 mM Na,PdCl,, and
1.74 mM Pluronic P123 (corresponding to K,PtCly, Na,PdCl,,
and Pluronic P123 amounts of 0.0875, 0.0125, and 0.0087 mmol,
respectively) was placed in a small beaker. Next, S mL of 0.1 M
ascorbic acid (AA) as a reducing agent was quickly added under
stirring; after this addition, the final concentration of Pluronic
P123 was 0.87 mM. The mixture was stirred for 30 min at room
temperature. By consecutive washing/centrifugation cycles, the
product was isolated and residual Pluronic P123 completely
removed. The collected product was dried at 50 °C. The details
of synthetic procedure are given in the Supporting Information.

Figure 1a shows TEM images of the as-prepared product. The
product was found to consist of well-dispersed nanodendrites
with complete dendritic shape, demonstrating the high-yield
formation of nanodendrites (~100%). The size of the nanoden-
drites narrowly ranged from 8 to 15 nm with an average diameter
of 10 nm. This average size is notably smaller than the one
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Figure 1. (a) Bright-field TEM image, (b) HAADF-STEM image, and
(¢) corresponding SAED pattern of the Pt-on-Pd bimetallic nanodendrites.

reported for nanodendrites prepared by using 9 nm Pd seeded
growth (23.5 nm)."® The dendritic nature of the product was
further clearly visualized in a high-angle annular dark-field
scanning TEM (HAADF-STEM) image (Figure 1b). The
X-ray diffraction (XRD) profile of the nanostructures showed a
metallic face-centered cubic (fcc) structure (Figure SI in the
Supporting Information), which was consistent with the se-
lected-area electron diffraction (SAED) pattern (Figure 1c).

A highly magnified TEM image of one nanodendrite
(Figure 2a) indicated that the nanoparticle was a dendritic entity
having Pt nanoarms with widths of 3 nm branching in various
directions. Nanoscale elemental mapping revealed that Pt was
distributed throughout the entire nanodendrite (including the
branches) and that Pd was concentrated in the core domain
(Figure 2b). On the basis of the energy-dispersive X-ray spec-
troscopy (EDS) analysis of a single particle, the Pt/Pd atomic
ratio was measured to be ~6.9/1.0. This value was in good
agreement with the Pt/Pd atomic ratio in the initial reaction
mixture (7.0/1.0), implying that all of the Pt and Pd precursors
were completely reduced by AA. Random inspections further
testified to the absence of isolated Pt and Pd nanostructures in
the product. Thus, in all of the Pt-on-Pd nanodendrites, Pt
branches were successfully coated onto the surfaces of Pd
particles. Although similar Pt-on-Pd nanodendrites have been
synthesized by two-step seed-mediated approaches,'®" the
present one-step synthesis shows remarkable simplicity in com-
parison with them.

From Figure 2a, it was further noted that the Pt-on-Pd
nanodendrite possessed well-developed crystallinity, and the
observed lattice fringes were coherently extended over the entire
nanodendrite. Because of the extremely high lattice match of Pt
and Pd (99.23%),"'? no obvious grain boundaries between Pt

Dark-field image

Figure 2. (a) Highly magnified TEM image and (b) corresponding
EDS mapping images of one nanoparticle. The blue arrows in the inset of
(a) indicate several atomic steps on the Pt branch surface.

and Pd were observed. Notably, each Pt branch was single-
crystalline in nature. As shown in Figure 2a, both the observed d
spacing (0.23 nm) for the adjacent fringes and the dihedral angle
(70°) in the branch regions corresponded to the {111} planes of
the Pt fcc structure. The single-crystalline nature of the Pt
branches was caused by continuous Pt atomic addition on the
Pd cores rather than by random aggregation of small Pt particles
to form larger particles, for which twinning lattice fringes would
have been clearly observed.'®*°

The TEM results shown in Figure 2 revealed that the reduc-
tion of the Pd precursor by AA was preferentially performed
before the Pt precursor reduction. The formed Pd nanoparticles
served as in situ seeds for the subsequent deposition of Pt. During
the later Pt deposition, Pluronic P123 supported the formation of
the dendritic Pt exterior (Figure S2). The spontaneous separa-
tion of the Pd interior and the dendritic Pt exterior was caused by
the different reduction kinetics of Pd and Pt complexes with AA.
This was critical for the formation of the Pt-on-Pd nanodendrites.

It was importantly noted that several atomic steps were
exposed on the Pt branch surface (Figure 2a), which can act as
highly catalytic sites.”’ ~>> Notably, the Pt branches were spatially
separated from each other, which was highly favorable for maxi-
mizing the Pt surface area. Analysis of the N, adsorp-
tion—desorption isotherm of the Pt-on-Pd nanodendrites gave
avery high surface area of 48 m> g~ ' (Figure S3). This value was
~2.2 times higher than that for a Pt black catalyst (~22 m” gfl).
The Pt black was in a highly agglomerated form (Figure S4),
while the Pt-on-Pd nanodendrites with spatially separated Pt
branches were in an open dendritic form. Branching out was an
effective way to fully improve the specific surface area of the
catalysts. Furthermore, the rich edges and corner atoms derived
from the branched Pt structures were highly valuable for
enhancement of the Pt catalytic activity.*

While Pluronic P123 has been widely used as a typical
mesostructural template for the synthesis of mesoporous silica
and carbon,**** it has very rarely been used for the synthesis of
metallic nanostructures. In the present reaction system, the use of
Pluronic P123 and the selected concentration were major factors
in the high-quality formation of the Pt-on-Pd nanodendrites
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Figure 3. (a) Cyclic voltammograms, (b) linear-sweep voltammo-
grams, and (c) chronoamperometric curves for methanol oxidation
reactions catalyzed by Pt-on-Pd I (blue), Pt-on-Pd II (red), Pt nanoden-
drites without Pd cores (pink), and commercially available Pt black
(black) in an aqueous solution containing 0.5 M H,SO, and 1 M
methanol. The chronoamperometric curves were recorded at 0.6 V. Pt-
on-Pd I, Pt-on-Pd II, the Pt nanodendrites without Pd cores, and
commercially available Pt black are displayed in Figure land Figures
S7, S2a, and S4, respectively.

(Figures SS and S6). Increasing the concentration of Pluronic
P123 to 4.35 mM resulted in ill-defined dendritic nanoclusters
(Figure SSa), and decreasing the Pluronic P123 concentration to
0.26 mM led to nanostructures in a highly aggregated form
(Figure SSb). Replacing Pluronic P123 with Pluronic F68
resulted in highly aggregated nanoclusters (Figure S6a). Poly-
vinylpyrrolidone (PVP) is favorable for the formation of Pt-on-
Pd nanodendrites in a seed-mediated strategy.18 However, the
use of PVP in the present reaction system resulted in irregular
nanoparticles (Figure S6b). Interestingly, by simple control of
the mole ratios of the Pt and Pd sources in the reaction solution,
Pt-on-Pd nanodendrites with designed Pt and Pd ratios could be
obtained (Figures S7 and S8). When the amounts of Pt and Pd
sources were the same, the Pt/Pd atomic ratio in the product was
1.0/1.0, as revealed by EDS analysis of a single particle. In
comparison with the shape displayed in Figure 1a, the dendritic
nature of the product in Figure S7 was relatively decreased
because of the increase in the Pd content, which was unfavorable
for dendritic growth (Figure S2b). Such facile control of the
dendritic nature in the Pt-on-Pd nanodendrites was highly
valuable for tuning their catalytic properties.

Inspired by their attractive properties (e.g., dendritic Pt
nanostructures with high surface area), we tested Pt-on-Pd nano-
dendrites with Pt/Pd atomic ratios of 6.9/1.0 (displayed in Figure 1
and denoted as Pt-on-Pd I) and 1.0/1.0 (displayed in Figure S7 and
denoted as Pt-on-Pd II) as electrocatalysts for the methanol oxida-
tion reaction (MOR). Their catalytic activities were further bench-
marked against Pt nanodendrites without Pd cores (shown in Figure
S2a) and commercially available Pt black (shown in Figure $4). The
Pt-on-Pd nanodendrites exhibited better catalytic performance than
either the Pt nanodendrites or Pt black (Figure 3). The mass-
normalized current density of Pt-on-Pd I in the positive direction
sweep [0.49 A (mg of Pt) '] was ~1.8 times higher than that of Pt-
on-Pd 11 [0.28 A (mg of Pt) '], ~2.3 times higher than that of the Pt
nanodendrites [0.21 A (mg of Pt) '], and ~4.5 times higher than

that of Pt black [0.11 A (mg of Pt) '] (Figure 3a). Furthermore, at
any oxidation current density (e.g, as indicated by the dashed line in
Figure 3b), the corresponding oxidation potentials on the Pt-on-Pd
nanodendrites were obviously lower than those on the Pt nanoden-
drites and Pt black, further suggesting that the methanol oxidation
reaction was easier to perform on the Pt-on-Pd nanodendrites. Chro-
noamperometric curves recorded at 0.6 V for 2000 s (Figure 3c)
indicated that the current densities of the Pt-on-Pd nanodendrites
were higher than those of Pt nanodendrites and Pt black over the
entire time range.

In comparison with Pt black (Figure S4), the open dendritic
structure of the Pt-on-Pd nanodendrites is highly beneficial for
their use as an electrocatalyst, primarily because of their superior
tolerance to undesirable agglomeration of the active sites. The
presence of the Pd core in each Pt-on-Pd nanodendrite not only
facilitates the growth of the Pt branches but also plays a key role
in the enhanced activity of the Pt-on-Pd nanodendrites relative to
pure Pt nanodendrites. The atoms of Pd and Pt are highly
miscible, and the Pd atoms in the core domain coherently match
with the lattice structures of the exterior Pt branches (Figure 2a
and Figure S8a), resulting in the formation of the inserted
pseudo-Pd—Pt alloy heterointerface,*® which is favorable for
reducing the electronic binding energy in Pt and facilitating the
C—H cleavage reaction in methanol decomposition.”” Further-
more, the many atomic steps exposed on the Pt branch surface
(Figure 2a) can act as highly active sites for the MOR.*'"?* Thus,
superior catalytic activity was realized through the open dendritic
structure with the designed Pt and Pd ratios.

In summary, we have developed a very simple and eflicient
route for the direct and high-yield synthesis of Pt-on-Pd bime-
tallic nanodendrites with designed Pt and Pd ratios. The bime-
tallic heteronanostructures with Pd interior and dendritic Pt
exterior were synthesized by spontaneous step-by-step deposi-
tions of Pd and Pt precursors. In comparison with the reported
two-step seed-mediated approaches, the present rational design
is highly valuable because it extraordinarily simplifies the synth-
esis of the exciting Pt-on-Pd bimetallic nanostructures. We
expect that the developed rational block copolymer-mediated
synthesis will in the future trigger the facile creation of novel
multimetallic heteronanostructures with designed compositions
and desired properties.
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