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T
he controlled growth of noble nanos-
tructures is a fascinating subject that
has attracted much attention due to

their promising applications in biosystem
and catalysis.1�12 Generally, the formation
of NPs mainly includes two steps: nuclea-
tion, in which small-sized NPs form to serve
as primary seeds, and consequent growth,
in which later formed atoms deposit on the
seeds' surface. In order to synthesize the
nanostructures as designed, it is necessary
to well control both nucleation and growth
steps. During the past several decades,
researchers have found that the complete
separation of nucleation and growth, also
named seeded growth, could offer them
more power to tune the resulting nano-
structures.13�23 In the seeded growth, pre-
prepared NPs act as nucleation centers, and
other substances with the same or different
chemical identity grow on their surface
selectively. In general, if the seed and sec-
ondary substance have different chemical
identity, the growth on the seed surface has
two patterns according to the lattice mis-
matchdegree: homogeneous seededgrowth,
inwhich thewhole surfaceof the seeds acts as
a nucleation site, and heterogeneous seeded
growth, in which only part of the seed surface
serves as a nucleation site.24�44 For noble
metals, due to their small lattice mismatch,
the seeded growth employs a homogeneous
pattern in most cases and the commonly
formed structures are core@shell.39 Several
groups reported heterogeneous seeded
growth and synthesized very interesting
noble nanostructures successfully.26,27,29,31,36

For example, Sun's group used Pt NPs as
seeds and prepared Au-on-Pt hetero-oligomer
NPs.30 Xia and co-workers fabricated a
dumbbell-like Pd�Au heterodimer bymod-
ifying overgrowth conditions.31 Xu's group

used the oil/water interface as reaction restric-
tor and synthesized a Au�Ag heterodimer.26

In Mirkin's and Song's groups, Ag�Au�Ag
segmented nanorods were synthesized,
respectively.29,36 In those reports, because of
the system energy minimization trend, the
growth mainly took place only on one facet
of the seed and heterodimer or hetero-oligo-
mer nanostructures formed. However so far, it
is still a challenge to achieve selective growth
only on specific positions of the seed surface,
especially only on the edges or facets, and
prepare NPs with edges or facets selectively
coated by other substances. As far as we
know, only Kitaev's and Torimoto's groups
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ABSTRACT We present a strategy to

achieve heterogeneous seeded growth on na-

noparticle (NP) surfaces and construct various

Pt nanostructures (cage- and ring-like) by using

selective etching as surface-free-energy-distri-

bution modifier. Preprepared Au polyhedron

NPs (octahedron, decahedron, nanorod, and nanoplate) are mixed with KI, H2PtCl6, and

surfactant. Under heating, KI is first oxidized to I2, which then selectively etches the edges of

Au polyhedrons. Consequently, the partial removal of surface Au atoms creates highly active

sites (exposed high-index facets, atom steps, and kinks) on the etched edges. Then the reduced

Pt0 atoms deposit on the etched edges preferentially and grow further, generating bimetallic

nanostructures, Au octahedrons, or decahedrons with edges coated by Pt. The Pt layer protects

the Au on the etched edges against further etching, changing the etching route and causing

the Au on {111} facets without a Pt layer to be etched. After the Au is removed completely

from the bimetallic nanostructures, ring-like, frame-like, and octahedral cage-like Pt

nanostructures form. The evolution from Au polyhedrons to Pt ring or octahedron cage is

investigated systematically by high-resolution transmission electron microscopy, transmission

electron microscopy, scanning electron microscopy, energy-dispersive X-ray, scanning trans-

mission electron microscopy, and high-angle annular dark field.

KEYWORDS: selective growth . selective etching . seeded growth . nanocage .
nanoring
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achieved such selective growth (Au on Ag NPs), and
there are no similar reports between other metals.45,46

This kind of selective growth is significant to the
nanoscaled adjustments (structures and properties)
and preparation of novel nanostructures.45,46

Here, we report a novel general method where
selective etching is used to induce selective growth
on crystal edges and generate a variety of Pt nanos-
tructures (ring-, frame-, and cage-like). This method
allows us to selectively grow Pt on the edges of Au
polyhedrons capped by polymer.48,49 In Kitaev's and
Torimoto's strategies, selective growth on crystal
edges was achieved by controlling the deposition
rate and selectively capping the {100} facets, res-
pectively.45,46 As illustrated in Figure 1 and Figure S1,
the key factor of our method is the selective etching
along the crystal edges to create active sites (exposed
high-index facets, defects, atom steps, and kinks)50�56

by removing part of the surface atoms. The highly
active sites act as nucleation sites and induce the
selective deposition and growth of Pt on the etched
edges, generating interesting bimetallic nanostruc-
tures (decahedral and octahedral Au NPs with edges
coated by Pt). The Pt layer protects the Au on the
etched edges against further etching. Subsequently,
the Au on {111} facets that are free of Pt protection is
removed completely, resulting in the formation of Pt
nanorings and octahedral nanocages. Moreover, frame-
like and hollow rod-like Pt nanostructures can also be
generated throughusingAunanoplates andnanorods as
seeds, respectively. The following aspects in this paper
are crucial. (I) The successful preparations of ring-, frame-,
and cage-like Pt demonstrate that this method is a
general route for selectively growing Pt on specific
positions of Au NPs and preparing various Pt nanostruc-
tures. So far, hollow Pt structures can be prepared only
through a galvanic reaction,57�59 and there are reports
on the frame-like Pt nanostructures. The strategy
reported here provides another choice to generate hollow
and other novel Pt nanostructures. (II) More importantly,
selective etching driven by the inhomogeneous surface

free energy distribution of the NP surface exists among
many substances. Thereby, thismethod could also be ap-
plied to non-noble nanostructures and impel researchers
to construct interesting non-noble metal nanostructures.
In addition, such cage-like nanostructures are promising
drug carriers and could be applied in controlled drug
release for disease therapy.1,2,60

Figure 1. Schematic evolution from Au decahedron to Pt ring.

Figure 2. Typical TEM images and schematic diagrams of
the NPs with different reaction times at 185 �C: (A) 0min; (B)
40 min (dashed line: etched edge; solid line: unetched
edge); (C) 50 min; (D) 60 min; (E) 70 min (Pt/Au = 0.5;
40 μL of 19 mM H2PtCl6).
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RESULTS AND DISCUSSION

In a typical synthesis, a solution containing Au
decahedron seeds, KI (etchant precursor), polyvinyl-
pyrrolidinone (PVP, MW = 58 000), and H2PtCl6 is
heated at 185 �C in a sealed autoclave for different times.
Detailed experiments can be found in the Supporting
Information (SI). The decahedral Au seeds with smooth
edges and {111} facets are shown in Figure 2A. After
heating for 40 min, the edges of the Au NPs became
rough owing to the etching (Figure 2B). Figure 2B1
shows that only the peripheral edges intersected by
{111} and {100} facets were etched. However, the
edges intersected by {111} facets have no distinct
change. After etching, the Au decahedron lost five tips,
marked by the arrows (Figure 2B1). When the reaction
time was prolonged to 50 min, it was found that many
small-sized NPs selectively grew on the etched edges
(Figure 2C), and energy-dispersive X-ray (EDS) analysis
reveals that they are Pt (Figure 3F). Meanwhile, small
amounts of Pt NPs were also observed on the {111}
facets and unetched edges. The analyses of high-
resolution transmission electron microscopy (HRTEM),
EDS, and scanning transmission electron microscopy
(STEM-EDS) elemental mapping further confirm the
selective growth of Pt on the etched edges (Figure 3A
andC�F). The lattice distances in the {111} facet and the
small NP are about 0.24 and 0.23 nm, respectively
(Figure 3A and C), matching Au{111} and Pt{111}. The
collectedEDS signal fromthe {111} facetmainlybelonged
to Au element (Figure 3D) and that from the NPs on the
etched edge chiefly to Pt element (Figure 3F), which
agrees well with the HRTEM observations. The elemental
mapping in Figure 3E gives the Pt and Au elemental
distributions in one NP, which also demonstrates the
selective growth of Pt on the etched edges. With the

heating time increasing to 60 min, holes were visible on
the {111} facet (Figure 2D), indicating that part of Au on
the {111} facetswas removed. After 70min reaction, ring-
like Pt nanostructures formed (Figure 2 E), indicating the
Au decahedron seed was almost removed completely.
The scanning electronmicroscopy (SEM), STEM-EDSele-

mental mapping, HRTEM, and EDS analyses of the nano-
rings are shown in Figure 4 and Figure S5. The SEM image
gives a clear ring-like view (Figure 4A). These ring-like
nanostructures dominate the final product (Figure S5A),
which demonstrates the high yield. It is noted that
although most of the Au was removed, the nanorings
still contain a small amount of Au (Figure 4B�D, Figure
S5B). Probably, the residual Au was coated by Pt com-
pletely to forma core@shell structure and hence survived
after the etching. The HRTEM image of the nanorings
shows the interplane distance is about 0.23 nm
(Figure 4E), which matches well with the {111} of Pt.
The as-prepared nanorings are very rough (Figure 2E),
but can become smooth after heating them at 300 �C for
about 3 h under anAr atmosphere because the small size
effect results in a low melting point (Figure 4F and G).
When the octahedral Au NPs (Figure 5A) were used

as seeds, similar selective etching and selective growth
on etched edges were observed (Figures S1 and S6).
However, the selective etching and selective growth
happened on each edge of the Au octahedrons homo-
genously due to their same structure, which is different
from the case of decahedral NPs, in which only the
edges intersected by {111} and {100} were etched.
After 70 min reaction, the final products were octahe-
dral cage-like, which is demonstrated by the high-
angle annular dark field (HAADF), TEM, HRTEM, and
high-resolution SEM images (Figure 5B�F). The HRTEM
image (Figure5G) gives the interplanedistance (0.199nm),

Figure 3. (A) HRTEM image of area 1 as indicated in (B); (B) TEM image of the NP; (C) HRTEM image of area 2 as indicated in (B);
(D, F) EDS pattern of areas 1 and 2 (D for 1; F for 2); (E) STEM-EDS elementalmapping images and schematic diagramof oneNP
(green and yellow colors represent Au and Pt, respectively).
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which is related with the {200} of Pt. The STEM-EDS
elemental mapping (Figure 5H�I) and EDS pattern
(Figure 5J) further reveal that the composition of the
octahedral cage is Pt and the Au seeds were removed
completely. It is worth nothing that not all octahedral
cages have a perfect structure as depicted by Figure 5E.
From the HRTEM image (Figure 5D), a Pt thin film also
exists on the {111}. This is because the etching on {111}
also could create highly active sites and a small amount
of H2PtCl6 was still present at this stage. As a result, a
small percentage of formed Pt atoms from the remain-
ing precursor deposited on these active site of {111},
finally leading to formation of hollow octahedral Pt.
By varying the used amount of H2PtCl6, the edge dia-
meter of octahedral Pt nanocages can be tailored easily
(Figure S11). It is worth noting that a molar ratio of Pt/Au
less than 0.1 cannot form an intact octahedral Pt cage
(Figure S11A), because the amount of Pt is not enough
and the Pt NPs cannot interlink to preserve the structure
of the octahedral template.
There is a distinct difference between the formation of

octahedral Pt nanocages and that of nanorings. Many
separated Pt NPs were observed during the formations of
nanorings (Figure 2E); however no separated Pt NPs exist
in the case of octahedral cages (Figure S6E). When the
decahedral Au NPs acted as seeds, although Pt mainly
grew on the etched edges, the growth of Pt on the
unetched edges and {111} facets was also observed
(Figure 2C and Figure 3E). However, because the amount
of Pt on the unetched edges and facets is too small to
interlink, it lost support and formed separated NPs after
the Au seeds were removed. For the octahedral Au NP

seeds, all edgeswereetchedalmost simultaneously andPt
NPs grew on each etched edge homogenously. Mean-
while, the Pt NPs interlinked through bonding, and there-
by the octahedral cage-like structure could be preserved
after the Au support was removed.
As presented in Figure 1 and Figure S1, it is believed

that the evolution from Au polyhedrons to Pt nano-
cages and nanorings involves four main steps: (1) the
in situ formation of I2; (2) the selective etching along
the edges of Au polyhedrons; (3) the reduction of Pt4þ

to Pt0 and the selective growth of Pt NPs on the etched
edges of Au polyhedrons; (4) the change of selective
etching route from along the edges to along the {111}
facets of Au polyhedrons and the formation of Pt
nanostructures (ring- and cage-like).
It is well known that Au0 can be etched by KI/I2

solution.42 In our system, no I2 was added, and it is
believed that the I2 in the etchant is from oxidized I�. KI
is an unstable substance and can be oxidized to I2
easily by many oxidants especially under acidic or
heating environment.61,62 In our experiment, H2PtCl6
is an acid and the dissolved O2 can act as an oxidant.
Meanwhile, high temperature can accelerate the oxidiza-
tion of I� to I2. In order to confirm this experimentally, a
classic detection was performed. A colorless KI aqueous
solution (Figure S12B) with the same 3.8 pH value as the
solution for the preparation of the nanocage was sealed
in an identical autoclave and heated at 185 �C. After 40
min, the colorless KI solution turned yellow (Figure S12C),
and the KI/I2 solution has a similar color (Figure S12A),
indicating that I�might be oxidized to I2 by the dissolved
O2. The oxidization of I� to I2 was further confirmed by

Figure 4. (A) SEM image of the nanorings; (B�D) HAADF and STEM-EDS elemental mapping images of one nanoring; (E)
HRTEM image of the nanoring (inset is the fast Fourier transform pattern of the corresponding HRTEM image of (E), which
demonstrates the crystalline feature); (F, G) SEM and HRTEM images of the nanoring prepared by heating the as-prepared
rough ones at 300 �C (Pt/Au = 0.5, 40 μL of 19 mM H2PtCl6).
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the classical chromogenic reaction between I2 and starch
(Figure S12D and E). In our system, H2PtCl6 is another
oxidant for the oxidization of I� to I2. The oxidization of I

�

byH2PtCl6 can bedemonstratedby the reactionwhere I�

ions reduce Pt4þ to Pt0 (Figure S16A).
In the second step, it is believed that the added KI

together with the in situ formed I2 is responsible for the
selective etching along the edges of Au polyhedrons.
Previously, Huang's group reported the etching of Au
by O2,

63 which means the etching of Au might be attri-
buted to the dissolvedO2 instead of KI/I2 in our system. In
order to clarify this, a solution containing Au polyhedrons
andPVPwasheatedat 185 �C for 1 h (no treatmentswere
used to remove the dissolved O2). Their UV�vis spectra
and colors did not change (Figures S13 and S14), indicat-
ing that the Au NPs are unchanged and dissolved O2 is
unable to etch Au under our conditions. The etching of Au
by KI/I2 rather than O2 can be demonstrated by another
experiment.UnderN2flowprotection, after theAu colloid
containing PVP, H2PtCl6, and KI was refluxed for 1 h, the

redness and the characteristic UV�vis absorbance peak
disappeared (Figure S15), implying that the Au NPs were
etched and the absence of O2 has no effect on the
etching. In addition,we failed topreparenanoringswithout
KI (other conditions were unchanged) and even did not
observe the etching of Au decahedrons (Figure 6), which
also demonstrates that the etching resulted from KI/I2.
It is commonly accepted that selectiveetching is caused

by the inhomogeneous free energy distribution of the NP
surface and thepositionswith high free energy are etched
first.64�70 In most cases, noble NPs are bound by three
low-index facets ({111}, {100}, and {110}) and theenergy
rule is E{110} > E{100} > E{111}.

64 Besides facets, another
critical component of NP surfaces is crystal edge, which
has a higher free energy than facets due to the existence
of defects and strains.71 Theoretically, the etch-
ing sequence should be from edge, to {110}, to {100},
to {111}. However, in practice, because surfactants or
other substances adsorb preferentially on the specific
positions of the NP surface, the surface free energy

Figure 5. (A) SEM image of the Au octahedron seeds (inset is the geometric model); (B) HAADF image of the Pt cages; (C) TEM
image of the Pt cages (inset is the geometric model) (Pt/Au = 0.2, 16 μL of 19 mM H2PtCl6); (D, E) HRTEM image and
corresponding schematic image of the Pt cage; (F, G) SEM and HRTEM images of the Pt cages; (H, I) HAADF and STEM-EDS
elemental mapping images of one Pt cage; (J) EDS pattern of the Pt cage shown in (H).
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distribution and selective etching direction can be
changed.66,71�76 For example, two groups respectively
reported that the etching of octahedral 5NPs started from
the tips along the [100] direction, although {100} is less
active than {110}.66,67 Xia's group demonstrated that the
etchingof decahedral AgNPs started from the low-energy
{111} facets due to the existence of O2 at the edges.71

Comparedwith the above previous studies, the etching of
octahedral and decahedral AuNPs started from the edges
in our experiment, which is reasonable energetically. In
addition, the selective absorption of PVPmoleculesmight
also play an important role. During the formation process
of octahedral and decahedral Au seeds, the {111}-termi-
nated structure indicates that PVP molecules selectively
adsorb on {111} and for this reason leave edges open to
the etchant.47�49 As a result, the edges with fewer
stabilizers were etched first. Except for the above two
causes, the strong binding interaction between I� ions
and the facet also should be considered. Generally,
researchers argued that the I� ionpreferentially adsorbed
on a specific facet of Au nanostructures in a given
system.77�79 For example, {111} is more attractive to I�

in solution containing CTAB.77 However, the I� ion has a
stronger affinity with {110} and {100} than with {111}
when the media contains PVP.78 Our system involves
using PVP as a capping agent and hence more possibly
follows the latter. When KI was added in our experiment,
I� ions replaced the small number of PVP molecules
which were absorbed on the edges due to their stronger
affinity with Au than PVP (the prepared octahedron and
decahedron nanoparticles have no perfect edges, and
their edges more accurately should be small-area
{100}).79 Therefore, I2 first formed in the edges, and
reasonably the edges were etched preferentially.
The third step involves the reduction of Pt4þ to Pt0

and the selective growth of Pt on the etched edges. It is
believed that PVP and KI reduce Pt4þ to Pt0 here. PVP

always serves as a capping agent to prevent NPs from
aggregating, and it also can be used as a reducing
agent to prepare noble NPs.80�82 KI also plays an
important role in the reduction of Pt4þ to Pt0 in our
system. When H2PtCl6 solution containing KI or PVP
was heated at 185 �C for 1 h, Pt NPs were clearly visible
in two cases (Figure S16), indicating both KI and PVP
can reduce Pt4þ to Pt0. The reducing ability of PVP was
also demonstrated by (Figure 6) small Pt NPs being
present even though KI was not used.
As well as the selective etching, NP growth has

strong dependence on the free energy distribution of
the seed surface.72 Generally, the positions with high
surface free energy act as nucleation sites to induce
selective growth along specific orientations, which
leads to the formation of regularly shaped NPs.47,83 In
our experiment, selective growth means that the posi-
tions of the etched edges aremore active than those of
the unetched edges and facets. It was found that the
selective growth of Pt did not happen in the absence of
KI, and Pt separately nucleated to form small-sized Pt
NPs (Figure 6), indicating the selective etching from
iodide is crucial to the selective growth. That is to say,
very likely the selective etching creates the active sites
on the crystal edges through removing part of the
surface Au atoms.67,84 Han's group achieved the homo-
geneous seeded growth of Pt on polyhedral Au NP
surface without etchant, also implying that selective
etching is key to the selective growth.85 In Figure 7A
and B, an etched NP lies with a titled angle and its
exposed {100} facets are very rough. Compared with
smooth ones, the rough surfaces more likely have a
high density of active sites (atom steps, defects, ex-
posed high index facets, and kinks). The fine struc-
ture of the etched edge was observed via HRTEM
(Figure 7C, D). The initial smooth edge became toothed
due to the etching (Figure 7C). Distinctly, there is a high

Figure 6. (A) TEM imageof theNPs preparedwithout KI (185 �C; 70min; Pt/Au=0.2; 16 μL of 19mMH2PtCl6); (B) HRTEM image
of the Au decahedrons shown in (A); (C, D) HRTEM image and EDS pattern of the small-sized Pt NPs shown in (A).
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density of atom steps and exposed high index facets
on the etched edges (Figure 7D), which demonstrates
that the selective etching generates active nucleation
sites and results in the selective growth on the edges.
The preferential adsorption of PVP on {111} facets also

couldmake the edge accessible to the selective growth of
Pt.47,48 When our system was free of KI, selective growth
was not observed even though PVP was used (Figure 6),
demonstrating that the preferential adsorption of PVP on
{111} facets is not responsible for the selective growth.
Torimoto's group previously observed the selective
growth of Au on the edges of thiol-capping Ag nano-
cubes.46 However, in the case of PVP-capping Ag nano-
cubes, they did not observe such selective growth of Au
on the edges, which is consistent with our observations.
According to the difference of antietching ability

between Pt and Au, it is easy to explain the last step
(the change of selective etching direction from the
edges to the facets of Au polyhedrons and the formation

of cage- and ring-like Pt nanostructures). Au can be
etched by KI/I2, but Pt has higher stability than Au and
can resist the etching. After Pt deposited on the etched
edges, the Pt coating layer protected the Au of these
positions against further etching. Thus, KI/I2 started etch-
ing the Au of {111} facets without Pt protection, finally
leading to the formation of cage- and ring-like Pt nanos-
tructures after the Au polyhedrons were removed.
During the preparation of decahedral Au NPs, a small

amount of other shaped NPs (nanorods, triangular and
hexagonal nanoplates) also formed. Compared with dec-
ahedral and octahedral Au, these NPs are bound by
different facets (nanoplates by {110} and {111}; nano-
rods by {110}, {100}, and {111}).86�88 After the selec-
tive etching and the selective growth were finished,
triangular frames, hollow rods, and pentagonal frames
formed (Figure 8). For nanoplates, the selective etching
took place on the {110} facets first due to their high
surface energy and created active sites there. As a result,

Figure 7. (A, B) TEM image and schematic diagramof oneNP at 40min reaction time at 185 �C (Initially, Au decahedronhas no
exposed {100} facets. The presence of {100} facets is due to the selective etching, which changes edges from line to face.) (C, D)
HRTEM images of the rough etched edges (Pt/Au = 0.5; 40 μL of 19 mM H2PtCl6).
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Pt selectively grew on the etched {110} facets, and
subsequently the Au NPs of {111} facets were etched.
Finally, triangular or hexagonal Pt frames formed. In the
caseofnanorods, generally a {111} facet exists on the two
ends and the side facets are {100} and {110}.87 Possibly,
the initial etching occurred on {110} or {100} due to their
high surface energy. Consequently, Pt atomsmostly grew
on these positions, and the dark contrast confirms this
result (Figure 8B1). The mechanism for the hollow rod is
still not clear, and corresponding studies are being carried
out viapreparingAunanorods onpurpose. The formation
of various Pt nanostructures (frame-, ring-, and cage-like)
indicates that our strategy can be used as a general
method to achieve the selective growth on specific
positions (facet or edge) and build various Pt nanostruc-
tures. Au nanocrystals with a variety of shapes (cubes,
concaved cubes, and hexagrams) could be prepared in
high yield and their surfaces are bounded by different
facets,14,72,89 for example a cube by {100}, which could
lead todifferent etchingprocesses and formation of other
structuredPt. Next, wewill try to prepare variously shaped
Au nanocrystals, and systematic studies of shape-depen-
dent etching will be carried out.

SUMMARY

Wehave demonstrated that selective etching can be
used as a general way to achieve selective growth on

specific positions (facet or edge) and construct var-
ious Pt nanostructures (octahedral cages, nanorings,
hollow rods, triangular and hexagonal frames). The
selective etching by I2 formed in situ from the
reduction of the added KI is demonstrated to be
the key factor. The selective etching preferentially
created highly active sites on the crystal edges or
facets, which served as nucleation sites to direct
the selective deposition and growth of Pt along
them. The Pt coating layer protected the Au on
etched positions against further etching, changing
the etching direction and causing the Au of the {111}
facet without Pt protection to be etched. Finally,
ring-like, cage-like, frame-like, and hollow rod-like
Pt nanostructures could be fabricated after the Au
seeds were removed completely. Because selective
etching driven by the inhomogeneous free energy
distribution of the NP surface exists among many
substances, this method reported here could be a
general route to fabricate both noble and non-noble
metal nanostructures. Furthermore, the prepared
Pt-based nanostructures can also serve as cata-
lysts for fuel cells, drug carriers for medical applica-
tions, and template for generating other functional
materials with similar structures as well. More studies
are under way to further explore their potential
applications.

METHODS
Chemicals. HAuCl4, ethyleneglycol (EG), diethyleneglycol (DEG),

PVP, poly(diallyldimethylammonium chloride) (PDDA, Mw =
400000�500000, 20wt% inH2O), KI, andH2PtCl6werepurchased
from Aldrich and used as received without further purifications.

Synthesis of Octahedral Au NPs. The synthesis of Au octahedra
followed a method reported by Cho's group.49 Typically, 80 mL
of EGwasmixedwith 1.6mLof PDDAunder stirring, and then 20
mgof HAuCl4was added to form a yellow solution. The resulting
yellow solution was put into a 195 �C oil bath. After 30 min, the

Figure 8. TEM images and sketches of other Pt nanostructures prepared using differently shaped Au NPs: (A) triangular
frames; (B) hollow nanorod; (C) hexagonal frame (Pt/Au = 0.2; 16 μL of 19 mM H2PtCl6).
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heating source was removed and the obtained red colloid was
cooled to room temperature. In order to remove excess PDDA
and EG, 80 mL of water was introduced into the above colloid,
and then it was centrifuged (12 000 rpm) for 15 min. The
collected NPs were dispersed in water and centrifuged again.
The purificationwas repeated three times, and the resulting NPs
were dissolved in 60 mL of water for further applications.

Preparation of Decahedral Au NPs. A method developed by
Song's group was used to prepare Au decahedron NPs.47,48 In
a typical preparation, 5 g of PVP was dissolved in 25 mL of DEG,
and the solution was heated to boiling. Then 2 mL of another
DEG containing 20 mg of HAuCl4 was injected quickly into the
boiling solution. Immediately, the solution changed from color-
less to red. After 10 min of refluxing, it was cooled to room
temperature and a similar purifying process to the above
octahedral NPs was employed to remove excess PVP and DEG.

Preparations of Various Pt Nanostructures. A 2 mL amount of
purified colloid was mixed with 10 mg of PVP, a calculated
amount of 19 mM H2PtCl6 (8 μL, Pt/Au = 0.1; 16 μL, Pt/Au = 0.2;
24 μL, Pt/Au = 0.3; 40 μL, Pt/Au = 0.5), and 2 mg of KI. Then 3mL
of water was added. The mixture was sealed in a 20 mL
autoclave and heated at 185 �C for different times. After the
reaction was finished, the obtained colloid was washed through
similar purification to the above octahedral NPs except that the
centrifuge speed was 8000 rpm.

Characterizations. For TEM, HRTEM, EDS, HAADF, and STEM-
EDS, corresponding purified colloids were deposited on copper
grids coated by a carbonmembrane anddried at 80 �C. After the
water was removed completely, the sample was observed on a
300KV Tecnai G2 F30 S-Twin microscope with an attached EDS.
For SEM, a similar preparation of the sample was used except
that a Si wafer was used as sample support. The UV�vis spectra
of NP colloids were recorded by a Shimadzu 2450 UV�vis
spectrophotometer at room temperature.
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