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A facile method for synthesizing hollow Au/Pt nanostructures is reported and this strategy involves using small sized Au

nanoparticles (NPs) as seeds and Kl as growth modifier. Under polyvinylpyrrolidone (PVP) and potassium iodide (Kl), small
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sized Au NPs evolved to plate-like nanostructures due to Ostwald ripening. The nanoplates served as templates for

selectively growing Pt on {110} facets. Under high temperature, I" was oxidized to I, by O,. The formed I, and Kl etched Au

on {111}, generating hollow nanostructures. Through adjusting the reaction conditions, dendrite sphere-like

nanostructures also could be prepared. The prepared bimetallic Au/Pt nanostructures exhibited high catalytic

performance compared with sphere-like Pt.

Introduction

Increasingly serious environmental pollution and rising energy
demands have promoted the research of direct methanol fuel
cell greatly during the past several decades.” Therefore, as the
most vital catalyst in fuel cell, platinum (Pt) nanostructures
have attracted much attention undoubtedly.z"20 In comparison
with its bulk counterpart, nanostructured Pt materials have
high catalytic ability due to size effect. Scientists have found
that, besides size, their catalytic abilities also have strong
dependence on their shapes. Thus, developing methods to
fabricate Pt NPs with various shapes is a very important
2145 g4 far, many routes, including seeding growth,g'15
the introduction of inorganic ion,le’ v decomposition of organic
Pt precursor under high temperature,m'29 template-induced
growth,ls’ v galvanic reaction,g‘r"37 and electrochemical method
3,39 have been developed to prepare Pt NPs with various
shapes including polyhedron,3 nanowire,31 nanorod, éa
branched structure,18 multipod23 and dendrite*** successfully.
Among them, rod-like attract much
attention.***® For example, Xia and co-workers fabricated Pt
nanorods by using polymeric and ceramic microspheres
decorated with Pd NPs as seeds.”® Liu et al. prepared Pt
nanorods supported on carbon nanotubes and investigated
their electrocatalytic performance.47 Lee and co-workers
reported the synthesis of five-fold twinned Pt nanorods in
aIkyIamine.48 Jin and co-workers synthesized Pt nanorods by
using mesoporous silica as template.49 Besides, scientists also
paid much attention to hollow Pt-based nanostructures during
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the last decades because such materials have large specific
surface area and excellent catalytic performam:e.‘r’o'54 Our
group synthesized nanocages and nanorings using octahedral
and decahedra Au NPs as templates respectively.50 Hollow Pt-
based nanostructures were also synthesized by other groups.SI'
3255 for example, Lou et al. synthesized Pt-Cu alloy cubic
nanocages through a solvothermal method.”® Galvanic etching
was also used by Shviro et al. for preparing hollow octahedral
and cuboctahedral Pt-Ni-Au nanostructures.> Considering the
advantages of hollow Pt-based nanostructures and nanorods,
the synthesis of hollow nanostructures with Pt nanorod is
deserved.

Here, we report a facile method which can be used to
synthesize hollow Au/Pt nanostructures with high density of Pt
nanorods. This strategy involves using water-soluble polymer as
reducing agent and protective agent, Kl as shape-modifier and
growth-induced agent, and 3nm Au NPs as seeds. Mechanstic
study demonsted the formation of such nanostructures involved
three main steps (The shape transformation of Au seeds from
small sized NPs to nanoplates, the selective growth of Pt on {110}
of nanoplates, the selective etching on {111} of Au nanoplates).
Through adjusting the reaction condition, sphere-like dendrite
Pt could be prepared. Electrocatalytic oxidization of methanol
was used to investigate their catalytic performance and they
exhibited shape-dependent catalytic ability.

Experimental section
Chemicals

Hydrogen tetrachloroaurate(lll) hydrate (HAuCl,) and Kl were
bought from Sigma-Aldrich. Sodium borohydride (NaBH,),
chloroplatinic acid (H,PtClg), PVP (Mw=58000) were purchased
from Aladdin reagent. All chemicals were not purified before
use. Milli-Q Academic water purification system (Millipore
Corp., Billerica, MA, USA) was used to prepare deionized water
(18.2 MQ-cm) which was used in all preparations.
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Synthesis of Au seed NPs

PVP (1 g) was dissolved in water (100 mL) under ultrasonic and
then HAuCl, (0.024M, 1 mL) was added to form a yellow
solution. About ice-cold agueous solution (1 mL) containing
NaBH, (7 mg) was introduced under vigorous magnetic stirring
rapidly, causing the color change from yellow to brownish due
to the formation of Au NPs. In order to be sure that redundant
NaBH, reacted with water completely, stirring continued for 5
h. Obtained Au colloid needed no any treatment in further
preparation of Au/Pt nanostructures.

Preparation of hollow Au/Pt nanostructures

In a standard synthesis, 2 mL above 4 nm Au NPs colloid, 67 uL
H,PtClg aqueous solution (0.019 M), 100 uL water containing
80 mg KI, 50 mg PVP were dissolved in water to form a mixture
which was transferred into a 10 mL poly(tetrafluoroethylene)
(Teflon)-lined stainless steel autoclave and heated at 180 °C.
After 5h, the heating source was removed and the product was
collected by centrifugation (8000 rpm). The obtained
precipitates were redissolved in water and subjected to
centrifugation again. This treatment was repeated twice and
the final products were dispersed in 2 mL water for further
characterizations.

Preparation of the cathode

A reported method was used to prepare working cathode with
prepared nanostructures. Firstly, a glassy carbon disk electrode
with 3.0 mm in diameter was first polished with alumina
slurries (0.05 im) and then subjected to sonication in a water
solution containing HNO3 (0.1 M) , H,SO, (0.1 M) for 10 min
successively. Concentrated Pt nanostructures colloid (1.0
mg/mL) was then taken out and dropped on the treated glassy
carbon disk electrode surface by a microliter syringe. A gentle
heat (40 °C) was used to dry the catalyst film. In order to
remove remaning PVP, the dried film was put in ultraviolet
ozone chamber for about 20 min and oxidization could
effectively remove organic polymers. After oxidization, ethanol
(10 mL) was used to wash the surface of film and purified film
was dried again at 40 °C.

Electrochemical Measurements

Electrochemical measurements were carried out in the
electrolyte consisting of H,SO, (0.5 M ) and methanol (0.5 M)
by using conventional three-electrode cells with a Pt flake of 1
cm? area as the counter electrode, an Ag/AgCI-KCl (saturated)
electrode as the reference electrode, and the above glassy
carbon cathode loaded with active nanocatalysts as the
working electrode. All potentials were referenced to Ag/AgCl-
KCI (saturated).

The electrochemical performance of the electrodes was
investigated by using a PARSTAT 30 Advanced Electrochemical
System. The cyclic voltammograms (CV) of methanol oxidation
were measured at the scan rate of 20 mV/s in the potential
range of 0 V to 1.0 V at room temperature. The
chronoamperometry curves were obtained by polarizing the
electrode at 0.65 V for 2000 s in the above-mentioned
electrolyte. Before each test, the solution was purged with N,
for 30 min to eliminate the dissolved oxygen.

2| J. Name., 2012, 00, 1-3

Characterizations

5 uL above purified colloid was deposited on copper grids
coated by thin carbon film and dried at 80 °C. After water was
removed completely, samples were observed with a 300 KV
Tecnai G2 F30 S-T-Twin microscope attached with high angel
annular dark field detector (HAADF) and X-ray energy
dispersive spectrometer (EDS).

Result and discussion
The structure of Au/Pt nanostructures

Fig. 1 shows the representative HAADF and TEM images of as-
synthesized bimetallic Au/Pt nanostructures, clearly implying
that most of products are hollow. However, the products
shapes are not monodispersed (70% are frame-like and others
are hollow sphere) (Fig. 1A). In most cases, the caves are very
small so that the hollow structure was hardly observed. When
the size of cave is large enough, the HAADF and TEM images
can offer a clear hollow image (Fig. 1B and 1C). HRTEM images
show that the products are composed of short nanorods. EDS
analysis demonstrated these short nanorods were Pt (Fig. 1E).
From Fig. 1 D, the interval between adjacent lattice fringes was
0.23nm, close to the lattice spacing of {111} of fcc Pt. This
demonstrates that the short rod grew along <111> direction.
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Fig 1. (A-D) SEM and TEM images of hollow nanostructures prepared using a
standard synthesis (inset in Fig. 1 A is the SEM image at high magnification
and scale bar is 100 nm). (E) EDS pattern of area marked by red circle in C.

This journal is © The Royal Society of Chemistry 20xx
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The structure with reaction time and possible mechanism

In order to investigate the formation mechanism, the
intermediate products with different growth times were taken
out and observed with SEM and TEM (Fig. 2). Before reaction,
the Au seeds (Fig. 2A) were monodispersed and had 4 nm
mean size. HRTEM image (Fig. 2A) indicates that these used Au
NPs were well single crystalline. After the system was heated
for 10 min, fine NPs disappeared and products became
polydispersed (Fig. 2B). Nanoplates including triangule and
pentagon with large size were observed. Meanwhile, qusi-
shpere NPs also formed (Fig. 2B1). HRTEM image shows that
the lattice distance is 0.24 nm and matches the {111} of Au (Fig.
2B2). EDS was further applied to identify their composition and
result showed that they were Au (Fig. 2B3). Note that the
surface of plate NPs was smooth at this stage. Upon reacting
time prolonging to 1h, the surface of plate-like nanostructures
became rough and protuberance-like structures were
observed clearly on their surfaces (Fig. 2C). STEM-EDS and EDS
analyses gave a detailed elemental distribution (Fig. C3 and Fig.
S1). Au was the main composition and small amount of Pt was
observed, indicating that the smoothing was due to the growth
of Pt. Clearly, above result shows that pt preferentially grew
on {110} facets and no significant growth occurred on {111}
facet. When the reaction time was prolonged to 5 h, hollow
nanostructures formed (Fig. 1 and 2D). Fig. 2D2 is the STEM-
EDS analysis of one NP. Distinctively, Au was not removed
completely and therefore products had Au@Pt structure
precisely. The remained Au from Au nanoplate was coated by
deposited Pt atoms. Based on the EDS analysis, the molar ratio
of Au and Pt in final product is 0.11 (Fig. S3).

Though the evolving mechanism of the NP is not understood
fully so far, a possible mechanism involving three key steps
might be adopted to explain this. (I) The formation of nanoplate
was resulted from Ostwald ripening and the absorption of Ki
on {111} (Scheme 1). Previously, Lee’s group demonstrated
shape evolution from spherical Ag NPs to other shapes (plate
and rod).54 They believed that Ostwald ripening and selective-
absorption of PVP on specific crystal facet were responsible for
the shape evolution. In our system, the formation of plate
possibly followed their mechanism partly. Initially, under the
PVP and high temperature, small-sized Au NPs reconstructed to
nanoplates. However, it must be noted that Kl also is a key
factor to the formation of nanoplate. When preparation
occurred without KlI, obtained products were significantly
different and no plate-like nanostructures formed (Fig. 3A and
3B). Only small sized NPs formed. This demonstrated that Kl also
strongly affected the formation of nanoplate. It can be
understood theortically. Well known, I ions has strong
complexing interaction with Au atoms.>®>® Thay is why I is
involved in the synthesis of Au nanostructures, especially Au
nanoplate.58 In our system, it is believed that I absorbed on {111}
facet of nanostructures and faciliated the formation of
nanoplates. When the amount of Kl and PVP were changed, the
product shape with different shapes formed, also indicating that
KI and PVP affected the formation of nanoplate and in turn the
resulting strutcutures of products (Fig. S4-57).

This journal is © The Royal Society of Chemistry 20xx
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Fig 2. The TEM images, SEM images, EDS pattern and STEM-EDS profiles of products
prepared using a standard synthesis which has procceeded for different times: (A) Oh
(inset is the HRTEM of one NP); (B1-B3) 10 min; (C1-C3) 1h (The scale bars in Fig. 2C2-
C3 are 20 nm); (D1-D2) 5h.

. PVP, KI |
. (I) Shape change

Au nanoparticle

P
(IT) Growing Pt
on {110}

(I1I) Etch on {111}
Frame Pt

Scheme 1. Schematic illustration of nanoframe

Fig 3. TEM images of products ﬁrepared using a standard procedure except that
no Kl was introducted. Inset is the HRTEM image of one NP (scale bar is 2 nm).

(1) The growth of Pt on {110} (Scheme 1). Further reaction
caused the reducation of Pt ions to Pt atoms which deposited on
Au nanoplates. Due to the selective absorption of Kl and PVP on
{111}, the atoms here were not active.®®>® As a result, the
growth of Pt mainly occurred on {110}. Therotically, {110} has

J. Name., 2013, 00, 1-3 | 3
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higher free energy than {111} and this also faciliates the growth
on {110} instead of {111}. Previously, we demonstrated that the
etching could generate active sites which induced selective
growth.50 However, in this system, no significant etching was
observed before this stage. Therefore, two proceeses might be
different because reaction conditions are not identical. For
example, before the growth of Pt, the first stage mainly involved
Ostwald ripening. However, no such ripening was invloved in
previous preparation.50 Besides, the templates here mainly were
large sized nanoplates and however decahedra acted as
templates in previous report.50 TEM images show that the
growth on {110} was highly selective even without etching. This
is possibly due to the free energy difference between {110} and
{111}. In our previous report,50 the selective etching along [100]
was indispensable to the growth on {100}. However, the
selective growth on {110} of nanoplate needed no etching. Well
known, {111}, {100} and {110} are commonly observed low
index facets on nanostructure surface. Energitically, the order is
{110}>{100}>{111}. When decahedra seeds were used as
templates, in order to achieve selective growth on {100}, etching
was needed to increase free energy difference between {100}
and {111}. However, when nanoplates served as templates
herein, etching was not necessary because the free energy
difference between {111} and {110} was large enough to achieve
selective growth on {110}.

(1) The etching on {111} and formation of nanoframe
(Scheme 1). Previously, we have demonstrated that Kl could be
oxidizated to |, slowly in high temperature, which could be
accelerated by acid.”® 8 As is well know, the solution containing
Kl and |, have strong ability to etch gold, which is widely used in
gold industry.53 In our system, H,PtCl,, used as Pt precursor,
could offer an acidic environment, possibly promoting the
oxidization of I to I,. Besides, the high temperature (180 °C) also
could accelerate the reaction. The formed |, selectively etched
{111} facets together with Kl, resulting in formation of caves
(Scheme 1). Generally, the etching prefers starting from facet
with high surface free energy. For three commonly observed
crystal facets, the atoms on {110} is more vulnerable to etching
than these on other facets, which is not in agreement with our
result. In our system, the growth of Pt on {110} is respobsible
for this disagreement. Compared with Au, Pt is a stable metal
and can resist the etching of KI/l,. When Pt atoms grew on {110}
and they protected the atoms here against etching.50
Consequently, the etching preferred occurring on {111} and
generated nanoframe.

It is worthnoting that some quasi-shpere NPs were also
formed possibly due to Ostwald ripening. This demonstrates
that the ripening did not occurred homogenously. So far it is
difficult to exactly give a mechanism for the interactions
between noble metals and other substances are very complex,
for example I' and Au*%8 To figure out a more reasonable
mechanism, more experiments are still underway in our
laboratory.

The effect of Au seeds

During the formation of nanoframes, Au seeds also played
important roles. We caried out the preparation without Au

4| J. Name., 2012, 00, 1-3
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Fig 4. (A-D) SEM and TEM images of monodispersed Pt NPs prepared using a standard
synthesis except for that no Au seeds were added. Inset in Fig. 4 D is the HRTEM image

of product (Scale bar is 2 nm).

seeds. In this case, TEM and SEM images show that no any
frame-like nanostructures formed and only monodipsersed
sphere-like Pt dendrite nanostructures with mean 85 nm
diameter were observed (Fig. 4). This was a typical growth of
NPs. Initially Pt clusters formed and acted as seeds on which
subsequent formed Pt atoms deposited and created dendrite
sphere (Fig. 4). Clearly, this result suggests that the present Au
seeds were important to the formation of nanoplates and
subsequental nanoframes. However, when Au seeds were
present, they transformed to Au nanoplates which served as
seeds for Pt deposition.

The shape-dependent catalytic performance

Pt-based nanostructures were widely investigated in the
electrocatalytic oxidization of methanol.*” °0%3 Previously,
several groups had demonstrated Pt nanorods were excellent
catalysts because there were exposed high-index facets on
their surfaces.®”®® The hollow Au/Pt nanostructures prepared
using our method are composed of Pt short nanorods with
high density. Therefore, they might be potential catalyst in the
electrocatalytic oxidization of methanol and we carried out the
electrocatalytic test of Au/Pt nanostructures shown in Fig. 1.
Besides, the catalytic performance of dendrite sphere shown
in Fig. 4 was also investigated. Fig. 5A shows that both
catalysts gave the typical methanol oxidation current peak on
Pt catalyst. The peak position in the positive direction was at
about 0.70 V and 0.45 V in the reverse direction.®® Significantly,
their peak current densities were different. In the positive
scanning, the hollow Au/Pt nanostructures had a peak current
density (500 mA/mg) (Curve 1 in Fig. 5A). The current denisty
of dendrite Pt sphere was 100 mA/mg in the same scanning
direction (Curve 2 in Fig. 5A). We have demonstrated that
commerical Pt/C had a 60 mA/mg peak current density

This journal is © The Royal Society of Chemistry 20xx
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