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ABSTRACT: Herein, we report a very simple and rapid method to
synthesize two types of Pt nanoparticles with open porous structures
(i.e, Pt nanodendrites and multiarmed Pt nanostars) in high yield.
The present synthesis is performed by a simple sonication treatment
of an aqueous solution containing K,PtCl, and a nonionic block
copolymer with branched alkyl chains in the presence of ascorbic
acid (AA) at room temperature. Nanodendrites and multiarmed
nanostars with different Pt nanostructures are selectively synthesized
by simply controlling the dissolved block copolymer amounts in the
reactive system. As-prepared 3D Pt nanodendrites and multiarmed
Pt nanostars with well-defined morphologies are highly porous and
self-supported structures assembled by staggered nanoarms as
building blocks, thereby realizing extremely high surface areas
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(around 80 m* g™'). The present synthesis has a remarkable advantage in its simplicity for the synthesis of Pt nanocatalysts, in
comparison with other previous approaches. Our Pt nanodendrites and Pt nanostars not only improve the active Pt surface area
but also show superior electrochemical performance, which make them promising electrocatalysts for future.
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he shape- and size-controlled synthesis of Pt nanostruc-
tures is imperative in order to create highly active Pt
catalysts (for instance, electrocatalysts for a methanol oxidation
reaction (MOR) in a direct methanol fuel cell) at low cost.'™>
The catalytic activities of Pt nanostructures can be tuned by
tailoring their shapes and sizes.” ' Two distinct demonstra-
tions are Pt nanocubes with concaved surfaces exhibiting higher
catalytic activity for the oxygen reduction reaction (ORR) than
Pt cubes with smooth exteriors,"* and Pt cubic nanoboxes
showed enhanced performance in MOR referenced to hollow
Pt spheres.'®> The synthesis of active Pt nanocatalysts with
desired shalpes and sizes (e.g, nanoworms,* nanoraspberries,15
nanocages, S nanowires,”*"° nanocubes,'” mesoporous film-
5,"7*" and others'®™*°) is becoming increasingly important.
Among various Pt shapes, three-dimensional (3D) porous Pt
nanostructures with their advantageous high surface area and
high accessibility represent a highly promising type of catalyst.
3D nanoporous frameworks highly favor the desired “high mass
specific activity” of the very rare and expensive Pt catalysts. In
general, the template approach is a universal route to create a
porous Pt nanoskeleton from the original confined nanospace
followed by removal of the internal mold. In the hard-
templating stmtegies,21 mesoporous silica (e.g, MCM-48 and
KIT-6) can be used as an efficient mold to synthesize ordered
Pt replica structures.”” In soft-template routes, lyotropic liquid
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crystals (LLCs) made of highly concentrated nonionic
surfactants (or block copolymers) are versatile soft-templates
for the synthesis of ordered mesoporous Pt structures.”* The
template approaches provide predetermined the final porous Pt
structures; however, the synthesis system is still complicated.
Rational synthesis of porous Pt catalysts by a simpler and
scalable route in large quantity still remains a significant
challenge.

Currently, Pt nanocatalysts with highly dendritic morphol-
ogies have attracted considerable attention.”>~*® However, it is
generally difficult to achieve spontaneous formation of highly
anisotropic Pt nanodendrites, mainly because of the fact that Pt
itself has an inherently highly symmetric face-centered cubic
(fcc) crystal nature.® It is noteworthy that the previously
reported routes are highly dependent on the selected synthetic
conditions and/or multistep synthesis. For instance, Pt
nanodendrites were prepared by reducing Pt(acac), at a given
high concentration by H, in organic solvents after 500 min, and
a low concentration of Pt(acac), led to irregular Pt
nanostructures;>’ Pt nanodendrites were synthesized by
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multistep thermal decomposition of Pt precursors in organic
solvent in the presence of hexadecylamine (HDA).*!
Consequently, “shape- and size-controlled synthesis” of Pt
nanostructures is still a quite challenging issue.

Herein, we report a very simple and rapid method to
synthesize two types of Pt nanoparticles with open porous
structures (i.e., Pt nanodendrites and multiarmed Pt nanostars)
in high yield (Figure 1 and Figure Sl in the Supporting
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Figure 1. Schematic presentation for formation of Pt nanodendrites
and Pt multiarmed nanostars. Different Pt nanostructures are
selectively synthesized by simply controlling the dissolved block
copolymer amounts in the reactive system. Enlarged image is shown in
Figure S1 in the Supporting Information.

Information). The present synthesis was performed by a simple
sonication treatment of an aqueous solution containing K,PtCl,
and a nonionic block copolymer with branched alkyl chains
(the chemical structure is shown in Figure 1) in the presence of
ascorbic acid (AA) at room temperature. Nanodendrites and
multiarmed nanostars with different Pt nanostructures were
selectively synthesized by simply controlling the dissolved block
copolymer amounts in the reactive system (Figure 1). As-
prepared 3D Pt nanodendrites and multiarmed Pt nanostars
with well-defined morphologies are highly porous and self-
supported structures assembled by staggered nanoarms as
building blocks, thereby realizing extremely high surface areas
(around 80 m* g™').

The obtained Pt nanodendrites showed highly monodis-
persed 3D branched structures (Figure 2). Their particle size
distribution was very narrow from 23 to 30 nm with a
dominating diameter of around 26 nm (see Figure S2a in the
Supporting Information). Careful observation confirmed that
the Pt nanodendrites were assembled by staggered nanoarms
with 2 nm in width as building blocks. The observed lattice
fringes in each arm were assignable to the (111) plane of a Pt
fcc structure, because the observed d-spacing was 0.23 nm
(Inset image of Figure 2a). The random nanoarms fabricate
deep nanocavities in each particle. The nanocaved structural
feature is also clearly visualized by a high-angle annular dark-
field scanning TEM (HAADF-STEM) observation (Figure 2b-
2 and Figures S3a in the Supporting Information). Both the
energy-dispersive X-ray (EDX) mapping and its spectrum
indicated that the nanodendrites were composed of pure Pt
(see Figure S4 in the Supporting Information). Several peaks
for wide-angle X-ray diffraction (XRD) pattern could be
assigned to be Pt fcc crystal nature (see Figure SSa in the
Supporting Information), which is consistent with the selected
area electron diffraction (ED) pattern (Inset image of Figure
2a).
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Figure 2. (a) TEM image of Pt nanodendrites at low magnification.
Two inset images are selected-area ED pattern recorded from several
particles and crystalline lattice fringes observed on the particle edge. b-
2 is HAADF-STEM image of the same part of b-1.

Creating deep cavities with open porous structure in each Pt
nanoparticle is of great importance to dramatically increase Pt-
specific surface area. The present synthetic route is readily
scaled up to afford a sufficient quantity of product for N,
adsorption—desorption analysis (see Figure S6a in the
Supporting Information). The as-prepared Pt nanodendrites
showed an ultrahigh specific surface area of 77 m* g”', which is
much higher than all the existent unsupported Pt catalysts to
the best of our knowledge. Among the previous papers, Pt
dendritic nanoparticles (with 56 m* g_l)Sb have been known as
unsupported Pt catalysts with very high surface areas. For
comparison, a commercial Pt catalyst (generally referred to as
Pt black) has a surface area ranging from 20 to 28 m* g~".
Porous Pt nanoparticles and porous Pt nanoballs reported
previously showed surface areas of 14°° and 23 m* g','*
respectively.

The particle size presented here (averaging around 26 nm)
was much smaller than those of the Pt nanodendrites reported
previously.**">3132 Therefore, it is considered that the
combination of the decreased particle size and the caved
nanoarchitectures greatly increases the specific surface area of
our Pt nanodendrites. Furthermore, another advantage in the
Pt nanodendrites is inherent 3D self-supported constructions,
which not only favor guest accessibility but also afford good
tolerance to undesirable agglomeration of the active sites in
catalytic reactions.*

Compared to the previous synthetic methods, there are
several advantageous points in our process: (1) a remarkable
simple reaction (one-step and one-pot synthesis at room
temperature in an aqueous solution), (2) a very rapid reaction
(within 5 min, which is the most rapid method so far), and (3)
an ultrahigh surface area (around 80 m?® g, which is
comparable to all the existing unsupported Pt catalysts). This
study is the first to explore the use of nonionic block copolymer
polyoxyethylene dinonylphenyl ether with branched structures
for synthesis of Pt nanostructures. The nonionic block
copolymer used in this study is a commercially available and
highly economical one. These advantages indicate that our
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synthesis has the potential to make a significant contribution
toward the syntheses of new Pt nanocatalysts.

To help understand the shape evolution of the Pt
nanodendrites in the present reaction system, intermediate
samples have been followed by TEM observation. As shown in
Figure S7 in the Supporting Information, the Pt nanodendrites
initially grew from a primary bumped particle. The bumped
particle continuously grew in its main branches and new
secondary branches to further form the final nanodendrites. At
around 3 min, the color of the reaction solution remained
opaque black in a stable manner, suggesting that the Pt
precursor was completely reduced and mature structures of the
nanoparticles had been obtained.

A high concentration of the Pt precursor is a key factor for
the formation of the Pt nanodendrites. Pt precursor
concentrations ranging from 15 mM to 20 mM (Figure 2
and Figure S8a in the Supporting Information) favor the
dendritic growth of Pt structures in the investigated system,
while a low Pt precursor concentration leads to Pt nanoparticles
in an ill-defined form (see Figure S8b in the Supporting
Information). A sufficient Pt precursor affords a rich Pt atomic
addition, favoring the epitaxial growth of the bumped particles
to highly branched Pt structures. On the other hand, an
insufficient Pt source leads to the lack of free Pt atoms for
overgrowth, most likely resulting in Pt irregular structures.

Significantly, by simply increasing the used amount of the
nonionic block copolymer to 0.10 g in the reactive system,
unique multiarmed Pt nanostars with an ultrahigh surface area
of 72 m* g™! is successfully achieved at a 100% yield (Figure 3
and Figures S3b and S6b in the Supporting Information). The
size of the multiarmed Pt nanostars narrowly ranges from 11 to
17 nm with an average diameter of around 14 nm (see Figure
S2b in the Supporting Information). The XRD pattern of the
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Figure 3. (a, b) TEM images of Pt nanostars at different
magnifications. (c) Index of the lattice fringes observed on the square
area of b. The atomic steps are indicated by the arrows.
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multiarmed Pt nanostars is for randomly oriented fcc Pt crystals
(see Figure SSb in the Supporting Information). The lattice
fringes are coherently extended over the entire nanostars
(Figure 3b). Each Pt nanostar is a single-crystalline nature,
implying that the Pt arm is caused by continuous Pt atomic
addition rather than by random aggregation of small Pt
particles.>* Importantly, several atomic kinks and steps derived
from low-coordinated atoms were exposed on the arm exterior
(as indicated by arrows in Figure 3c), which are of highly
catalytic sites.'"*>*® The Pt nanoarms were spatially separated
from each other. Multiarmed Pt nanostars with nanoscale
spatially and locally separated Pt arms favor the drastic
suppression of the activity loss derived from the agglomeration
of Pt active sites. This multiarmed Pt nanostar is a very recently
discovered new type of structure and is a highly exciting
catalyst.>* To date, only few reports on the synthesis of
multiarmed Pt nanostars have been published. As a recent
significant achievement, multiarmed Pt nanostars were
successfully obtained by a two-step seed-mediated growth
strategy using tetrahedral Pt nanocrystals as seeds to direct the
subsequent formation of multiarmed Pt nanostars via refluxing
for 3 h at a boiling temperature.>* In contrast, our synthetic
approach is performed in the absence of any seed within 5 min
at room temperature, making it quite different from the
previous seeded growth method. Moreover, the obtained
multiarmed Pt nanostars are strikingly uniform in both particle
size and shape, which is also notably different from the reported
ones prepared by seeded growth.”*

As-prepared Pt nanodendrites and Pt nanostars are
promising catalysts. Their electrocatalytic performance for
MOR has been tested and further benchmarked against
commercially available Pt black (see Figure S9 in the
Supporting Information). Two obvious anodic peaks, which
are typical features of the methanol oxidation process, are
observed on all the three samples during the positive and
negative sweeps in cyclic voltammogram (CV) investigations
(see Figure S9a in the Supporting Information). The mass
normalized current densities are 0.59, 0.52, and 0.11 A mg_1 for
Pt nanostars, Pt nanodendrites and commercially available Pt
black, respectively, in the positive direction sweep. The current
densities of the Pt nanostars and Pt nanodendrites are 5.4 and
4.7 times higher than that of the Pt black and are also much
higher than those of recent state-of-the-art supported Pt
nanocatalysts such as Pt nanoparticles supported on carbon
nanotubes (CNTs) (Pt/CNTs), PtRu nanoparticles supported
on CNTs (PtRu/CNTs), Pt/CNTs/ionic liquid polymer (PIL)
hybrids (Pt/CNTs-PIL), PtRu/CNTs/PIL hybrids (PtRu/
CNTs-PIL),>” Pt Nanowires supported on Sn@CNTs nano-
cable (PtNW-Sn@CNTs) and commercial ETEK Pt/C catalyst
(30 wt % Pt) (see Figure S9d in the Supporting Information).>®
The value of I/I, (in which I; and I, are the forward and
backward current densities, respectively) can be used as an
important index to evaluate the poison tolerance of Pt catalysts
in MOR. The I/I; of the Pt nanostars and Pt nanodendrites
were 1.01 and 0.92, respectively, which are hi3gher than that of
the carbon-supported Pt nanoparticles (0.87),” indicating their
relatively good poison tolerance. Moreover, after S0 scan cycles,
only 2.8% and 3.5% decrease in I¢/I; ratio for Pt nanostars and
Pt nanodendrites, respectively, were observed, implying they
did not undergo serious deactivation during the continuous
MOR.*

To investigate the thermal stability, the obtained Pt nanostars
and Pt nanodendrities were annealed at various temperatures
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(100 °C, 150 °C, and 200 °C) for several hours. After the
thermal treatments, we investigated the CV shapes in H,SO,
solution. The typical CV curves for Pt were observed in both
the samples. Even after the thermal treatment, the CV curves
were not changed so much. The serious loss of specific surface
areas was not confirmed, indicating good thermal stability.

The onset potentials of Pt nanostars and Pt nanodendrites
(~ 0.26 V) negatively shift compared with that of Pt black (~
0.42 V), facilitating Pt nanostars and Pt nanodendrites having
lower potential for MOR at the same oxidation current density
(see Figure S9b in the Supporting Information). In
chronoamperometric investigations recorded at 0.6 V for
1800 s, Pt nanostars and Pt nanodendrites show higher mass
current densities than Pt black during the entire testing time
(see Figure S9c in the Supporting Information). All the
investigations reveal that our Pt nanostars and Pt nanodendrites
have excellent electrocatalytic activities for MOR. Considering
their ultrafine particle sizes and dendritic structural features, the
enhanced catalytic activities of the Pt nanostars and Pt
nanodendrites might be ascribed to their sufficient active sites
and excellent surface permeability in comparison with that of Pt
black (see Figure S10 in the Supporting Information).

In summary, we successfully prepared two kinds of Pt
nanoarchitecture (i.e., nanodendrites and nanostars) by a very
simple method in high-yield at room temperature within 5 min
from commercially available nonionic block copolymer aqueous
solution. The present synthesis has a remarkable advantage in
its simplicity for the synthesis of Pt nanocatalysts, in
comparison with both traditionally thermal decomposition
methods by using high boiling-point solvents and seed-
mediated methods performed by two-step approaches. Pt
nanodendrites and Pt nanostars not only improved the active Pt
surface area but also showed superior electrochemical perform-
ance, which make them promising electrocatalysts for the
future.
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