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Here we report a facile and efficient method to prepare Pt spheres
with hollow interior and nanosponge shell with high surface area.
Such a unique Pt nanostructure can effectively improve the electro-
catalytic performance of Pt catalysts by facilitating the access of
electroactive species to the full-extent Pt surface.

In the last decades, a great deal of attention has been paid to
nano- and/or meso-structured materials with highly porous
networks and high surface area due to their impressive industrial
applications involving electrochemical catalysts, inclusion vessels,
and adsorbents. Up to now, a wide range of compositions such
as silica, carbon, inorganic-organic hybrids, polymers, and
metals, have been successfully prepared by various methods.'
Recently, a great deal of effort has been devoted to the synthesis
of metal-based nanostructures with high surface areas, because of
their unique electrocatalytic properties.® In particular, Pt-based
nanostructured materials have currently attracted widespread
interest, because of their potential application as a catalyst in
PEM fuel cells. Both soft- and hard-templates have been
commonly employed for the synthesis of nanostructured Pt
materials. In hard-templating method, well ordered mesoporous
silica has been generally used as rigid templates.* ® Alternatively,
soft-templates, such as surfactants, also can be used for the
forming nanopores structures.”!® For instance, well-ordered
mesoporous Pt can be easily prepared by chemical or electro-
chemical reduction of dissolved Pt salts in lyotropic liquid
crystals made of highly concentrated surfactants.”™2

To realize high Pt surface areas, there have been some reports
on Pt hollow nanostructures, which have superior electro-
chemical properties.!*'® So far, the Pt hollow nanostructures
have been successfully synthesized by coating Pt on various
spherical templates such as silica,'*'” Co,'"*'® Ag'*2! and other
materials.'** However, in all of these cases, complex procedures
and the use of expensive materials as templates are employed,
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which is noneconomic for practical scale up. Furthermore, in the
previous works, the Pt shell thicknesses were not precisely
controlled.’*?? The most disadvantageous point in the previous
works is that the Pt shell of the hollow structures has no well-
developed nanoporosity. Therefore, guest species from outside
are not allowed to get access to inner parts of the hollow
structures, resulting decreasing the effective Pt surfaces. Hence,
the development of a facile and economic method for synthesis of
Pt spheres with hollow interior and nanosponge shell with very
high surface area is a practical and challenging issue to be solved
urgently.

In this communication, we newly propose a facile and efficient
method to prepare Pt spheres with hollow interior and nano-
sponge shell with high surface. Silica particles functionalized with
amino group (with around 100 nm in diameter) are used as
template to form the hollow interior, while nonionic surfactant
assist to create the Pt nanosponge shell.>>**

To prepare the Pt spheres with hollow interior and nanosponge
shell, silica nanoparticles modified with amino group were
ultrasonically dispersed in K,PtCly solution containing Pluronic
F127. The used amounts of 20 mM K,PtCl, solution were varied
from 0.0 ml to 10 ml, while the amounts of the added silica
particles were fixed to 6.0 mg. Then, 0.1 M ascorbic acid (AA)
was added, and the mixture was sonicated for 15 min. After
washing three times with water, the product was added to 10 wt%
hydrofluoric acid solution and placed for 3 days at room
temperature in order to completely remove silica template. The
final product was washed five times with water and dried at 45 °C.

Fig. 1 shows transmission electron microscopy (TEM) images
of the hollow Pt spheres prepared under a typical solution with
7.5 ml Pt solution. The lower magnification image (Fig. la)
revealed that the resulting Pt dendritic structure was assembled
with plentiful interconnected nanowires with 2 nm in diameter.
The Pt hollow particles were uniform in morphology without
formation of by-products, demonstrating the high yield synthesis
(Fig. Sla, bt). As shown in Fig. 1b, lattice fringes with a
d spacing of 0.23 nm were clearly observed, which corresponded
to a (111) plane of Pt face-centered cubic (fcc) structure.

In the present synthetic process, NH,-modified silica particles
were well dispersed in Pt precursor solution containing
surfactants. Then, by addition of AA to the solution, the Pt
deposition was occurred. At the early stages of the reaction, the
Pt seeds were formed on the silica particle surface, because of
the high surface affinity for the Pt seeds which is derived from the
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Fig. 1 (a) Low-magnification and (b) high-magnification TEM
images of hollow Pt spheres under a typical solution with 7.5 ml Pt
solution.

strong interaction between the amino group and the metal
particles.”®> During the progress of the Pt deposition, the primary
Pt seeds covering on the silica particles served as the nucleation
sites for the further growth of Pt. At this stage, Pluronic F127
chains as a structure directing agent were absorbed on the surface
of deposited Pt to facilitate the growth of the dendritic Pt
shells.*?* To elucidate the effect of amino modification on the
silica surface, further investigation was performed in which silica
particles without amino group were used as template (Fig. S1c).
It was clearly revealed that the amino groups on the silica surface
played an important key role for making attachment sites for
initial Pt seeds and then acted as nucleation sites for the
subsequent Pt growth, whereas non-functioned silica template
could not act as template for the formation of hollow Pt spheres
and led to the separation of silica particles and Pt dendrites
(Fig. Slct).

The SEM images clearly confirmed the three-dimensional (3D)
globular shape and also clearly verified the empty spaces of
highly branched nanowires (Fig. Sla, bf). In the dendritic Pt
shells, lots of Pt nanowires were highly branched and extended
in various directions, to form an interconnected nanosponge
structure. In such a nanoporous structure, accessibility to inner
parts of Pt hollows will be improved by the diffusion of guest
species through empty spaces among interconnected nanowires.
N, adsorption-desorption isotherm of the obtained Pt spheres
gave a BET surface area of 36.3 m*> g~' (Fig. S2%), which is
higher than the reported value (29.0 m* g~') for hollow Pt
spheres prepared by photocatalytic reduction of Pt complex
under light illumination."® For comparison, surface areas of
commercial platinum catalysts (Pt black) ranges from 20 to
25 m? g~ !. The improved surface area was most likely derived
from the presence of nanoporous dendritic shells.

Furthermore, in our method, the Pt shell thicknesses could
be precisely tuned simply by varying the amounts of Pt
precursor. To investigate the effect of Pt amounts on the shell
thicknesses, several hollow Pt spheres were synthesized with
various amounts of Pt precursor solution in the range between
0.0 ml to 10 ml (The amounts of the added silica particles were
fixed to 6.0 mg. See the details in ESI.¥). TEM images of
hollow Pt spheres before and after the silica removal were
shown in Fig. 2 and S3,f respectively. The average shell
thicknesses were measured by TEM images (Fig. 3). The
average shell thicknesses were proportionally increased with
increasing the Pt amounts.

It is noteworthy that in a small amount of Pt solution (2.5 ml),
the hollow structures were mechanically unstable (Fig. 2a),
because the spherical hollow nanostructures collapsed after the
silica removal by HF treatment. When the amount of Pt solution
was not enough, individual entities could not be joined well
(Fig. S3bt) and the hollow structures were destroyed easily. As
shown in TEM images (Fig. 2a and b), the hollow structures
prepared from 5.0 ml Pt solution collapsed partially. In contrast,
when the amounts of Pt solution were increased up to 10 ml,
irregular Pt dendrites without inner hollows were formed as a
by-product (Fig. 2d). The isolated Pt seeds nucleated, resulting in
Pt dendrites independently grew. The optimum amount of Pt
solution was found to be 7.5 ml. Under the optimized condition,
after immobilization of Pt seeds on silica particles, Pt nanowires
grew and branched out in various directions. Also, with
the assistance of surfactants,®>** nanosponge shells consisting
of interconnected highly branched nanowires were uniformly
coated on the silica particle surface without by-products. Even
after removing silica and applying the centrifugation and
sonication processes, the hollow structures did not collapse,
showing very manically stable robust hollows (not shown).

As preliminary investigation on electrocatalytic activity
of the obtained hollow Pt spheres with different shell
thicknesses, methanol oxidation was measured by using cyclic
voltammograms (CVs) method (The details of electrochemical
measurements were given in ESL{). Fig. 4 shows mass-
normalized activities. The Pt hollow particles with the lowest
shell thicknesses (prepared with 2.5 ml Pt solution) exhibited the
lowest catalytic activity. It can be supposed that access of
methanol molecules to inner parts of electrode was restricted,
because the inner void spaces of the original hollow structures

Fig.2 TEM images of hollow Pt spheres after silica removal. Various
hollow Pt spheres were prepared from precursor solutions containing
different Pt amounts. The amounts of added Pt solution are (a) 2.5 ml,
(b) 5.0 ml, (¢) 7.5 ml, and (d) 10 ml, respectively. The collapse of the
hollow structures is indicated by while arrows, while the isolated Pt
dendrite (as by-product) is indicated by white arrows.

3886 | Chem. Commun., 2011, 47, 3885-3887

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0cc05233g

Published on 18 February 2011. Downloaded by University of Chicago on 28/10/2014 23:17:02.

View Article Online

25

20
g 4 (1om)
8" 7.5ml
g z (7:5mi)
5 50ml)
£ 10 il
]
®

¢ a (2.5ml)

0

0 2 4 6 8 10 12

Pt solution (ml)

Fig. 3 Relationship between the average Pt shell thicknesses and the
added amounts of Pt solutions. The amounts of added Pt solution in
the starting solutions are noted in parentheses.

collapsed and the Pt particles were highly aggregated (Fig. 2a).
With increasing the amounts of the Pt solution to 7.5 ml,
electrocatalytic activity for methanol oxidation reaction was
dramatically increased. The maximum electrocatalytic activity
(80 mA mg~!) was around 1.7 times larger than that of
commercially available Pt black. By improvement of mechanical
stability of hollow structures, electroactive species could easily
gain access to the whole surface of Pt through the hollow spaces.
However, with the further increase of Pt amounts to 10 ml, the
catalytic activity was decreased. As shown in TEM results
(Fig. 2d), the formation of the undesired by-products and thicker
shells prevented accessibility of methanol molecules to all the
exposed Pt surfaces. In other words, all of the exposed Pt surface
could not effectively act as reaction media.

In conclusion, we developed a facile method to synthesize
hollow Pt spheres with tunable nanosponge shell thicknesses
by using silica particles as templates. The obtained hollows
possessed highly nanoporous structure, providing high surface
area. Such a unique Pt nanostructure effectively improved the
electrocatalytic performance as Pt catalysts by facilitating the
access of electroactive species to the whole Pt surface.
Currently, a great deal of attention has been attracted to the

Current (mA/mg_Pt)

10 E (V vs Ag/AgCl)

Fig. 4 Cyclic voltammograms displaying oxidation reaction of
methanol, catalyzed by hollow Pt particles prepared from (a) 2.5 ml,
(b) 5.0 ml, (¢c) 7.5 ml, (d) 10 ml Pt solution, respectively. For
comparison, (¢) commercially available Pt black powders are also
measured.
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inorganic core-shel and hollow materials in material
research fields. However, their compositions have been very
limited to polymers, silica, carbon, and metal oxides.2034
This synthetic concept can open a new avenue to create
nanostructured metals.
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