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alvanic replacement reaction (GRR)

has emerged as a powerful syn-

thetic approach for converting solid
metal nanostructures into hollow ones that
are advantageous in optical and catalytic
properties.' ™ Typically, GRR-based synth-
esis involves the use of metal nanostruc-
tures as sacrificial templates to react with
ions of a more noble metal. Due to the
difference in electrode potentials of the
two metals, the nanostructured metal tem-
plates will be dissolved and the more noble
metal ions will be reduced to elemental
form, which subsequently deposits onto
the surface of the templates.”~” Depending
on a number of factors such as similarity in
crystal structures, degree of lattice mis-
match, and difference in metallic bonding
strengths, a conformal or a nonconformal
growth of the second metal may take place
on the surface of the template to form a
shell while the first metal is continuously
consumed from the core. In the end, a
structure with a hollow interior and a shell
composed of either just the second metal or
the alloy of both metals can be formed.

To date, a wide variety of hollow nano-
structures including spherical nanoshells,?
cubic nanoboxes,”'® nanocages,”'" hollow
nanorods,® nanotubes,'? nanorattles,'> nano-
frames,™ and nanodendrites™'® composed
of Au,”"7 Pd,"®2° and/or Pt**~?? have been
prepared via GRR using nanotemplates of
Ag,”"7 Cu,"®%° or more reactive metals (e.g.,
Zn or Mg®*?3). These hollow nanostructures
have found applications in areas includ-
ing biomedical imaging,** photothermal
cancer treatment,** drug delivery,?® surface-
enhanced Raman scattering,””?® and elec-
trochemical catalysis.® 3! In most cases,
the shape of the hollow nanostructures
obtained via GRR resembles that of the
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Here we report the synthesis of Pt/Ag bimetallic nanostructures with controlled number of

void spaces via a tailored galvanic replacement reaction (GRR). Ag nanocubes (NCs) were

employed as the template to react with Pt ions in the presence of HCl. The use of HCl in the GRR

caused rapid precipitation of AgCl, which grew on the surface of Ag NCs and acted as a

removable secondary template for the deposition of Pt. The number of nucleation sites for AgCl

was tailored by controlling the amount of HCl added to the Ag NCs or by introducing PVP to the

reaction. This strategy led to the formation of Pt/Ag hollow nanoboxes, dimers, multimers, or

popcorn-shaped nanostructures consisting of one, two, or multiple hollow domains. Due to the

presence of large void space and porous walls, these nanostructures exhibited high surface

area and improved catalytic activity for methanol oxidation reaction.

KEYWORDS: galvanic replacement reaction - nanobox - heterodimer -

nanopopcorn - methanol oxidation reaction

sacrificial templates. For instance, when Ag
nanocubes (NCs) are used as the template
to react with HAuCl,, hollow Au/Ag nano-
boxes can be prepared.” Novel structures
such as nanobowls®*? or multiple-walled
nanoshells'® have also been synthesized,
although complex templates are necessary
for generating such structures. Here we
show that by tuning the GRR between Ag
NCs and K,PtCl,, Pt/Ag bimetallic hollow
nanostructures with distinct shapes and
tailored number of void zones can be read-
ily obtained. Figure 1 illustrates the hollow
nanostructures and their corresponding
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Figure 1. lllustration of the formation of Pt/Ag (A) nanobox, (B) heterodimer, (C) multimer, and (D) popcorn-shaped
nanoparticle from the GRR between Ag NCs and K,PtCl, in the presence of HCI.

reaction conditions (see Methods for experimental
details). In the first case, both HCl and PVP are intro-
duced into the dispersion of Ag NCs. After injecting
K,PtCl, solution, Pt/Ag nanoboxes with smooth and
continuous walls are obtained (Figure 1A). However, if
only HCl is added into the dispersion of Ag NCs before
the injection of K,PtCl,, the reaction gives Pt/Ag het-
erodimers, a structure consisting of a hollow box with
an attached particle (Figure 1B). At higher concentra-
tion of HCl, the number of attached particles on each
hollow nanobox increases, leading to the formation of
multimeric nanostructures (Figure 1C). If HCl is mixed
with K,PtCl, solution before it is reacted with Ag NCs,
Pt/Ag hollow nanostructures consisting of multiple
attached particles, namely, popcorn-shaped particles,
are formed (Figure 1D). Subsequent washing with NaCl
and Fe(NOs); solutions can further convert the at-
tached solid particles into hollow ones. Compared with
nanoboxes with single void interior, the dimeric, multi-
meric, and popcorn-shaped nanostructures consisting
of two or more hollow domains within one particle
show much increased surface area and should be
beneficial to their catalytic applications.

RESULTS AND DISCUSSION

The formation of Pt/Ag dimeric, multimeric, and
popcorn-shaped nanostructures in addition to simple
nanoboxes is made possible by two reasons. First, we
take the advantage of the undesirable byproduct, AgCl,
of the reaction to direct the deposition of Pt. The GRR
between Ag and K;PtCl, generates AgCl, which has a
low solubility in water and may precipitate out from
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the solution.”* In this work, HCl is used to purposely
facilitate the precipitation of AgCl, which subsequently
grows on the surface of Ag NCs to form attached
islands. With the progress of the reaction, the AgCl
islands serve as in situ generated secondary templates
for the deposition of Pt. Once the reaction completes,
AgCl can be easily removed by washing with saturated
NaCl solution to form void space. Second, the number
of AgClislands attached on each Ag NC s regulated by
either adjusting the concentration of HCl or by adding
PVP to the dispersion of Ag NCs. We found that while
HCl at higher concentration leads to higher reaction
kinetics and hence multiple attached islands on Ag
NCs, the addition of PVP results in uniform coating of
AgCl and thus smooth hollow nanoboxes. Together,
these two mechanisms allow us to extend GRR to the
preparation of more complex bimetallic nanostruc-
tures with tailored number of hollow domains.

Figure 2A shows the Pt/Ag nanoboxes with smooth
and continuous walls prepared by adding 0.23 mL of
HCl (10 mM) and 0.5 mL of PVP (100 mM) to the
dispersion of 70 nm Ag NCs, followed by the injec-
tion of 0.5 mL of K,PtCl4 (5 mM) at 100 °C. The nano-
boxes display a well-defined cubic shape with an
average edge length of 75 nm and a wall thickness
of ~10 nm. High-resolution transmission electron
microscopy (HRTEM) image of the nanoboxes reveals
porous but single-crystalline walls with lattice fringes cor-
responding to the (100) plane of Pt/Ag alloy (Figure S2A
in the Supporting Information). The GRR between Ag
nanostructures and Pt ions has been widely investi-
gated for the preparation of Pt/Ag bimetallic structures,
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Figure 2. TEM images of (A) Pt/Ag nanoboxes, (B) Pt/Ag heterodimers, (C) Pt/Ag multimers. After washing with solutions of
saturated NaCl and 50 mM Fe(NO3)s, the (B) dimers and (C) multimers were converted to nanostructures with (D) two or (E)

multiple hollow domains, respectively.

although hollow nanoboxes with continuous and
smooth walls have been scarcely observed.>3'34736
For instance, Xia et al. employed Ag NCs to react with
Na,PtCl, to form nanoboxes."® In contrast to the Au/Ag
system, where the reaction between Ag NCs and
HAuCl, gives Au/Ag alloy nanoboxes with a smooth
surface,” the Pt/Ag hollow nanostructures in their work
displayed a rough surface decorated with Pt nanopar-
ticles. The difficulty in forming Pt/Ag hollow nano-
structures with smooth walls has been attributed to a
number of reasons, including (1) the large lattice
mismatch between Pt and Ag (4.3% for Au and 0.2%
for Ag); (2) the difficulty in forming alloys between Pt
and Ag—it has been shown that, even melted to-
gether, Pt and Ag would not be able to form alloy with
Pt >5%;'? and (3) the slower reaction rate between Pt
ions and Ag atoms than that for the reaction between
Auions and Ag.?” Interestingly, in our work, by adding
HCI and PVP to the dispersion of Ag NCs before they
were reacted with K,PtCl,, hollow Pt/Ag nanoboxes
with smooth walls were readily obtained.

The reaction between Ag and K,PtCl, is as follows:
2Ag + KyPtCl, — Pt + 2AgCl 4 2KCl. With the reduction
of K,PtCl,, Ptis formed and deposited onto the surface
of the Ag templates. As a byproduct of the reaction,
AgClis also generated. As mentioned earlier, due to the
low solubility of AgCl in water (1.33 x 10> mol/L at
25°C),*® AgCl may precipitate out and interfere unfavor-
ably with the deposition of Pt. To avoid the precipita-
tion of AgCl, one may raise the reaction temperature
to increase the solubility of AgCl (10 times higher at
100 °C). This method has proven to be effective for the
reaction between HAuCl, and Ag nanostructures to
form hollow Au/Ag nanostructures with smooth walls.”
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Another approach is to add chemicals that react with
AgCl to form soluble species. For example, Xu et al.
used highly concentrated HCI (3 M) in the GRR between
H,PtCls and porous Ag so that AgCl can be converted
to soluble complex AgCl, > However, when HCl at low
concentration (0.44 mM in our work) was used during
the galvanic replacement reaction, one would expect
that the precipitation of AgCl will occur at even lower
concentration of Ag™; and it is counterintuitive to
obtain nanoboxes with smooth and continuous walls.
Therefore, in our case, where both HCI and PVP were
added to the dispersion of Ag NCs, the deposition of
AgCl might take place evenly on the surface of Ag NCs.
The presence of AgCl on the whole surface of the NCs
facilitated the growth of a uniform layer of Pt. Although
the reason is not clear yet, the use of AgCl for the
growth of a uniform Pt layer on Ag has been previously
reported. For instance, Ye et al.>® found that while the
GRR between Ag nanowires and H,PtClg led to the
formation of aggregated Pt nanoparticles on the Ag
surface, heteroepitaxial growth of a continuous Pt layer
was achieved if Ag nanowires were treated with FeCls
solution to form a AgCl layer before the GRR. In another
work, Lee et al. also employed AgCl nanocubes as
removable templates for the growth of Pt, which
eventually evolved into smooth Pt hollow nanoboxes.’
In our work, the existence of AgCl in the walls of the
resultant nanoboxes was confirmed from energy-dis-
persive X-ray spectroscopy (EDX). EDX line profile of
the Pt/Ag nanoboxes shows that, in addition to Pt and
Ag, strong signal from Cl is also revealed (Figure S2B).
Since the samples were washed carefully before
the EDX measurements, the existence of Cl cannot
be solely attributed to surface-adsorbed species.
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Therefore, an appreciable amount of AgCl is expected
in the walls of the hollow nanoboxes. It should be
noted that when the hollow nanoboxes were washed
by saturated NaCl and Fe(NOs)s; solutions, the wall
thickness decreased because of the removal of AgCl
and Ag, respectively (Figure S2C). This is because
saturated NaCl solution can form a soluble complex
with AgCl,” while Fe(NO,); oxidizes Ag.'* In addition to
the effect of AgCl, suitable reaction kinetics may also
contribute to the deposition of smooth Pt layer on the
Ag NCs. Recently, El-Sayed et al. reported that Pt/Ag
nanoboxes with porous continuous walls can be
synthesized based on the GRR between Ag NCs and
KoPtCl,.>” In their study, K,PtCl, at high concentration
was used to achieve fast reaction at the initial stage,
while a subsequent low reaction rate was attained by
switching to K,PtCl, at low concentration. The success
of this strategy in facilitating the formation of Pt/Ag
nanoboxes with smooth walls indicates the impor-
tance of the right reaction kinetics. Compared to the
GRR between K,PtCl, and Ag NCs without HCl, we
found that the color change of the reaction from yellow
to gray occurred much faster when HCl was added to
the Ag NCs (20 vs 4 s), indicating higher reaction rate in
the presence of HCl. The use of halide ions to promote
GRR kinetics can be attributed to the enhanced surface
diffusivity of Ag due to the strong coordination of
halide ions to Ag™.3° Similar effect has been observed
for the case of Pd. For instance, Zheng et al. found that,
for the GRR between Pd nanocubes and Pt(acac),, the
use of I~ may facilitate the out-diffusion of Pd for
creating hollow Pt/Pd nanoboxes.'® Xia et al. also
employed Br~ for the preparation of Pt/Pd concave
nanostructures.?’

In addition to HCI, PVP also plays an important role in
defining the morphology of the Pt/Ag nanostructures.
PVP is often used as a shape and size control agent in
nanostructure synthesis. When reactions similar to the
synthesis of Pt/Ag nanoboxes were carried out without
adding PVP (ie, following the reaction route in
Figure 1B), heterodimers instead of nanoboxes were
obtained. Figure 2B shows the dimeric nanoparticles
prepared by adding 0.23 mL of 10 mM HCl into the
dispersion of 50 nm Ag NCs (molar ratio of HCI/Ag =
2.75:1), followed by injecting 0.5 mL of K,PtCl, solution
(5 mM) at 100 °C. TEM of the as-prepared samples
shows that each heterodimer is composed of two
domains—a hollow nanobox with an attached solid
particle. For most dimers, the solid particle is located at
the corner of the nanoboxes, although some along the
side have also been observed. The nanoboxes have an
average edge length of 50 nm with a wall thickness of
~5 nm. The average size of the attached particles is
53 nm, close to that of the nanoboxes. We also found
that the number of attached particles on each nanobox
can be tailored by controlling the molar ratio of HCl to
Ag. Figure 2C shows the structure with multiple
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attached solid particles on each hollow nanobox pre-
pared from the GRR at a ratio of HCI/Ag = 4:1 (Figure
S4). By carefully surveying more than 500 nanoparticles
for each sample, we plotted the average number of
attached particles on each nanobox as a function of the
molar ratio of HCl to Ag (Figure S4E). A clear trend was
observed: with the increase of the ratio of HCl to Ag, the
number of attached particles increases. After being
washed with NaCl and Fe(NOs3); solutions, the attached
solid particles on each nanobox became hollow; the
original heterodimers and multimers were converted
to nanostructures with two or multiple hollow do-
mains, while the wall thickness of the cubic part
reduced to 2 nm (Figure 2D,E).

To understand the formation of attached particles
on nanoboxes, we carefully analyzed the composition
of the dimers. X-ray diffraction (XRD) pattern of the as-
prepared heterodimers revealed two sets of reflection
peaks: one set corresponds to AgCl, and the other set is
located between the reflections of Pt and Ag, corre-
sponding to Pt/Ag alloy (Figure S5a). The presence of
both Pt/Ag alloy and AgCl in the heterodimers was also
confirmed from EDX line scan. Figure 3A shows the
composition line profile of an as-prepared dimer. Both
Pt and Ag were found in the hollow box and its
attached solid particle. However, while the hollow
box has a similar amount of Pt and Ag, the attached
solid particle shows more Ag than Pt. In addition to Pt
and Ag, Cl is also present in the solid particle. These
results indicate that, for each heterodimer, the hollow
box is mainly composed of Pt/Ag alloy, while the
attached solid particle contains both Pt/Ag alloy and
AgCl. The presence of Pt/Ag alloy and AgCl in the as-
synthesized Pt/Ag dimers was also confirmed from
X-ray photoelectron spectroscopy (XPS) analysis, as
shown in Figure S6. After being washed with saturated
NaCl solution, XRD peaks of AgCl disappeared com-
pletely (Figure S5b). Further washing with Fe(NOs);
caused the XRD peaks to shift toward Pt due to the
dealloying and partial removal of Ag (Figure S5c). At
this stage, both hollow domains of the heterodimers
are mainly composed of Pt/Ag alloy (Figure 3B).
Figure 3C,D shows the lattice fringes of the two hollow
domains after washing. Since the d spacings of Pt and
Ag(111) planes are 0.226 and 0.236 nm, respectively,
the 0.229 nm d spacing measured for the dimer can be
indexed as (111) planes of the Pt/Ag alloy. It is worth
mentioning that, due to the presence of Ag in the
attached particles before washing with Fe(NOs);, one
can expect that by reacting the dimers or multimers
with another noble metal ions, such as AuCl,~, Ag can
be further dissolved from the dimers to form higher-
order hybrid nanostructures. Figure 3EF shows that,
after the GRR between heterodimers and HAuCl,, Au
particles were formed on the surface of the attached
solid particles. Small Au nanoparticles on Pt have
proven to be effective at improving the stability and
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Figure 3. (A,B) EDX line profiles of the Pt/Ag heterodimers before and after being washed with NaCl and Fe(NOs); solutions,
respectively. (C,D) HRTEM images of the two hollow domains (indicated by 1 and 2, respectively) of a Pt/Ag dimer after being
washed. (E,F) After reacting with HAuCl,, the remaining Ag in Pt/Ag dimers or multimers can be converted to Au to form Au/
Pt/Ag hybrid structures. (G) HRTEM and EDX line profile of a Au/Pt/Ag dimer showing the presence of Au.

activity of catalytic oxygen reduction reaction.*® This
type of hybrid structures should be interesting for the
study of electrochemical catalysis.

On the basis of the above structural and composi-
tional analyses, we propose the following mechanism
for the growth of the attached particles on Pt/Ag
nanoboxes. At the initial stage of the reaction between
Ag NCs and Pt precursor, due to the presence of an
excess amount of CI~, AgCl is generated instanta-
neously once K,PtCl, is introduced in the reaction.
AgCl grows and forms islands on the surface of the
Ag NCs. Therefore, Pt atoms formed from the reduction
by Ag deposit not only onto the surface of Ag NCs but
also on the attached AgCl islands. With the consump-
tion of Ag, more Ag atoms migrate from the core to the
surface of the nanocube to react with Pt precursor. Ag
atoms can also diffuse through the AgCl islands and
reach their surface to either form alloy with Pt or react
with K,PtCl, to give AgCl. Therefore, the islands swell
quickly because of the accumulation of both Pt/Ag
alloy and AgCl. The corners and edges of the Ag NCs
are especially favored for the nucleation of AgCl due to
the surface roughness and more defects of these
sites.*! At relatively low concentration of HCl, AgCl
tends to nucleate and grow at one defect site. When
HCl at high concentration is added to the reaction, the
nucleation of AgCl may occur at multiple defect sites
since AgCl is generated at a higher rate. It is worth
noting that, in addition to the templating effect, other
factors such as surface-adsorbed species may also play
a role. Recently, Tao et al. showed that positive and
negative polyelectrolyte layers on the Ag nanoparticles
controlled the GRR with HAuCl, to obtain different
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morphologies.*> When both PVP and HCl are added
to the dispersion of Ag NCs, the surface energy of the
Ag NCs is changed due to the adsorbed PVP. There-
fore, the nucleation and growth of AgCl take place
differently, leading to a relatively uniform growth
of Pt on the whole surface of Ag NCs to form
nanoboxes.

As discussed earlier, the effect of HCI on the synth-
esis of dimeric or multimeric nanostructures is two-
fold: (i) to provide a template composed of AgCl for the
growth of Pt and (i) to regulate the reaction kinetic and
thus the number of deposition sites. Therefore, if HCl is
added to the reaction gradually, a different deposition
pattern of AgCl, and thus a different morphology of the
resulting Pt/Ag structures, is expected. Indeed, when
the reaction was carried out by injecting a mixed
solution of HCl and K,PtCl, to the dispersion of Ag
NCs, we obtained popcorn-shaped nanoparticles
(following reaction route in Figure 1D). Figure 4A,B
shows the nanopopcorns formed using 50 nm Ag
nanocubes after being washed with NaCl and Fe(NOs)s
solutions. The average size of the popcorns is 90 nm.
Each nanopopcorn is composed of a number of con-
nected hollow particles (average number = 14) with an
average wall thickness of 1.7 nm. HRTEM image
(Figure 4D) and EDX line profile (Figure 4E) indicate
that the popcorn-shaped nanostructures are mainly
composed of Pt/Ag alloy.

It is expected that, for the Pt/Ag dimers and pop-
corns, the presence of multiple hollow interiors and
highly porous walls possesses high specific surface
area favoring electrochemical catalysis. Therefore, we
tested the hollow nanostructures for methanol

VoL.6 = NO.8 = 7397-7405 = 2012 ACNJANIC)

WWww.acsnhano.org

7401



40 80 120
Position (nm)

Figure 4. (A) TEM images of Pt/Ag popcorn-shaped nanostructures (A,B) after and (C) before being washed with solutions of
saturated NaCl and 50 mM Fe(NOs)s. (D) HRTEM image and (E) EDX line profile of a Pt/Ag nanopopcorn.
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Figure 5. (A) Cyclic voltammograms (CVs) of Pt/C, Pt/Ag hollow nanoboxes, dimers, and popcorns in 1 M HCIO,. (B) ECSA of
each catalyst. (C) CVs for MOR in a solution containing 1 M CH;OH and 1 M KOH. (D) Mass activity of each catalyst. The scan rate

for all CVs is 50 mV s~ ".

oxidation reactions (MOR) and compared their cataly-
tic activities with commercial Pt/C (20 wt %) catalyst
with an average diameter of 3.2 nm (based on TEM
shown in Figure S11). Figure 5A shows the cyclic
voltammograms (CVs) of Pt/Ag popcorns, dimers, na-
noboxes, and Pt/C recorded in 1 M HCIO,4. On the basis
of the charge of hydrogen adsorption, the electroche-
mically activated surface areas (ECSAs) were calculated.

ZHANG ET AL.

For Pt/Ag popcorns, dimers, hollow boxes, and Pt/C,
their ECSAs are 90.86, 82.09, 52.19, and 51.81 mz/g,
respectively (Figure 5B). As expected, Pt/Ag dimers
and popcorns have much higher ECSAs than that of
Pt/C. MORs were performed at room temperature in
a solution containing 1 M KOH and 1T M CH30H
(Figure 5C). For the four samples, the peak current
densities decrease in the following order: Pt/Ag
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popcorns [116.1 mA cm 2] > dimers [98.6 mA cm 2] >
nanoboxes [84.2 mA cm 2] > Pt/C [76.9 mA cm ?]. Itis
obvious that Pt/Ag popcorns and dimers exhibit im-
proved MOR activities relative to commercial Pt/C (51
and 28% higher, respectively). On the basis of the
loading of Pt on the electrode, the mass specific
activities of the Pt/Ag nanostructures were calculated
and plotted in Figure 5D. It is worth noting that the
ECSA and MOR activity of our Pt/Ag nanostructures
is competitive compared to existing Pt nanostruc-
tures (e.g., ultrathin Pt nanowires with an ECSA of
7134 m? g~ ' and a MOR mass specific activity 18%
higher than commercial Pt/C).** To evaluate the stability
of the Pt/Ag catalysts, we performed chronoampero-
metry (CA) measurements at a constant potential of
—04 V vs SCE. As shown in Figure S12, Pt/Ag dimers,

METHODS

Materials. Ethylene glycol (EG, J.T. Baker), silver nitrate
(AgNOs, Sigma-Aldrich), polyvinylpyrrolidone (PVP, Aldrich
M,, = 55000), hydrochloric acid (HCl, Fisher, 37.5%), sodium
chloride (NaCl, Sigma-Aldrich), potassium tetrachloroplatinate(ll)
(K;PtCly, Aldrich), iron(lll) nitrate nonahydrate (Fe(NOs)s - 9H,0,
Alfa Aesar), isopropyl alcohol (Merck, reagent grade), methanol
(Merck, analysis grade), perchloric acid (HCIO,4, Sigma-Aldrich),
potassium hydroxide (KOH, Sigma-Aldrich), and nafion (Sigma-
Aldrich, 5% in a mixture of lower aliphatic alcohols and
water) were used as received. Ultrapure deionized (DI) water
(18.2 MQ-cm) was used in all experiments. K,PtCl, (5 mM)
solutions were aged at least for 24 h before use.

Characterization. Transmission electron microscopy (TEM)
images, high-resolution TEM (HRTEM) images, and energy-
dispersive X-ray spectroscopy (EDX) spectra were acquired
using a JEOL JEM-2100F operating at 200 kV. The X-ray diffrac-
tion (XRD) spectra were acquired using a Bruker D8 Advance
diffractometer equipped with a Cu Ka radiation source (4 =
1.5418 A) from samples deposited onto glass substrates. Induc-
tively coupled plasma mass spectrometry (ICP-MS) measure-
ments were carried out with an Agilent 7500 ICP-MS instrument.
ICP-MS samples were prepared by dissolving the nanoparticles
using fresh aqua regia. The resultant solution was diluted using
ultrapure deionized water.

Synthesis of Ag Nanocubes (NCs). Silver NCs (50—70 nm in edge
length) were synthesized by a modified polyol process.** In a
typical synthesis, 10 mL of EG was added into a 50 mL flask and
heated under magnetic stirring at 140 °C for 1 h. HCI (2.1 mL,
3.016 mM in EG) was quickly injected into the heated EG using
pipet and continued heating for 10 min. AGNOs (6 mL, 94 mM in
EG) and PVP (6 mL, 147 mM in EG) were simultaneously injected
into the reaction mixture using a two-channel syringe pump ata
rate of 0.6 mL/min. This reaction mixture was allowed to react
for around 24—36 h at a temperature of 140 °C with constant
stirring. Subsequently, the reaction was removed from the oil
bath and quenched in an ice—water bath. The product was
mixed with equal volume acetone and centrifuged, followed by
washing with water five times to remove the excess PVP. The
resultant NCs were dispersed in 20 mL of water in a reaction vial
that was wrapped with aluminum foil and stored in a dark
cabinet for further use.

Synthesis of Pt/Ag Heterodimers. In a typical synthesis of Pt/Ag
heterodimers, a 0.1 mL dispersion of Ag nanocubes (the con-
centration of Ag is 8.0 mM based on ICP-MS measurement) was
added to 4.9 mL of ultrapure deionized water. Then, 0.23 mL of
10 mM HCl was added to the reaction mixture (molar ratio HCI.
Ag = 2.75:1). The vial was then heated in an oil bath at 100 °C for
5 min. Then, 0.5 mL of 5 mM K,PtCl, solution was injected into
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nanopopcorns, and nanoboxes exhibited better stabi-
lity than Pt/C.

CONCLUSIONS

Distinct Pt/Ag hollow nanostructures with controlled
number of voids have been synthesized via GRR
between Ag NCs and K,PtCl, in the presence of HCI.
The use of HCl allows the deposition of AgCl on the
surface of Ag NCs to regulate the growth of Pt. It is
demonstrated that the number of deposition sites for
AgCl can be effectively controlled by the amount of
HCl. On the basis of this strategy, GRR has been
successfully extended to the preparation of bimetallic
dimers, multimers, and popcorn-shaped nanostruc-
tures. These novel nanostructures with high surface
area should be promising for electrochemical catalysis.

the reaction mixture using a syringe pump at a rate of 1 mL/min.
The reaction mixture was continually stirred and heated at
100 °C until no further color change (about 5 min). The reaction
mixture was centrifuged and washed using saturated NaCl,
50 mM Fe(NOs)s, and water to remove AgCl, Ag, and residual
ions, respectively. The final product was dispersed in 1.0 mL of
DI water.

Synthesis of Au/Ag Heterodimers. For Au/Ag dimers, the proce-
dure was identical to that of Pt/Ag dimers, except that 0.4 mL of
0.5 mM HAuCl, solution was injected into the dispersion of Ag
NCs in the presence of HCl.

Synthesis of Pt/Ag Nanoboxes. A synthetic approach similar to
Pt/Ag dimers was followed for Pt/Ag hollow nanoboxes, except
that 0.5 mL of PVP solution (100 mM) was added to the mixture
of HCl and Ag NCs prior to the injection of K,PtCl, solution.

Synthesis of Au/Pt/Ag Structures. One milliliter of Pt/Ag hetero-
dimers (without being washed with Fe(NOs); solution) was
dispersed in 4.0 mL of DI H,0. The vial was then heated at
100 °C for 5 min. Then, 0.1 mL of HAuCl, solution (0.5 mM) was
injected into the reaction mixture using a syringe pump at a rate
of 0.2 mL/min. The reaction mixture was continually stirred and
heated at 100 °C for another 5 min. After being washed, the
product was dispersed in 0.5 mL of DI water.

Synthesis of Pt/Ag Popcorn-Shaped Nanostructures. First, 0.5 mL of
10 mM HCl was mixed with 0.5 mL of 5 mM K,PtCl, for 2 h. Then,
0.5 mL of 100 mM PVP was added to the dispersion of Ag NCs,
and the solution was heated for 5 min in the oil bath before the
injection of the solution containing K,PtCl, and HCl at a rate of
2 mL/min. The reaction mixture was centrifuged and washed
using saturated NaCl, 50 mM Fe(NOs);, and water to remove
AgCl, Ag, and residual ions, respectively. The final product was
dispersed in 1.0 mL of DI water.

Electrochemical Analysis. Electrochemical measurements for
the Pt/Ag nanoparticles were carried out by cyclic voltammetry
using a potentiostat (BioLogic Science Instruments, VSP Mod-
ular 5 Channels). The cell was assembled as a three-electrode
setup consisting of a glass carbon electrode (GCE) as the work-
ing electrode, Pt wire as the counter electrode, and saturated
calomel electrode as the reference electrode. Pt/Ag catalyst ink
was prepared by dispersing the nanoparticles into 200 uL of
20% isopropyl alcohol in water solution. From ICP-MS measure-
ments, the concentrations of Pt for Pt/Ag popcorns, dimers, and
hollow nanoboxes were 960, 609, 778 ppm, respectively. The
molar ratios of Pt to Ag for the three samples are listed in Table
S1 (Supporting Information). Specific volume of these catalysts
was then dropped on the GC electrode (3 mm diameter,
0.071 cm?). Commercial E-Tek Pt/C catalyst (Pt loading: 20 wt %)
was used as the reference. For all catalysts, the loading of Pt
was 5 ug. After drying of the catalyst, 5 uL of 0.1 wt % nafion
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solution (diluted from 5% Nafion with ethanol) was dropped
onto the electrode and dried in air. Electrochemical surface area
(ECSA) for the nanoparticles was measured in 1 M HCIO,
solution. Methanol oxidation catalytic activity of the nanopar-
ticles was measured in a solution containing 1 M KOH and 1 M
CH5OH. The sweep rate of all measurements was 50 mV s~ .
Chronoamperometry experiments were conducted by monitor-
ing current at the potential constant at —0.4 V vs SCE in a
solution containing T M KOH and 1 M CH30H.
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