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Graphic abstract

Bimetallic Ag-hollow Pt heterodimers via inside-out migration of Ag

in core-shell Ag-Pt nanoparticles at elevated temperature

Hui Liu® and Jun Yang®*

Bimetallic Ag-hollow Pt heterodimers was fabricated via the inside-out migration of

Ag in core-shell Ag-Pt nanoparticles at elevated temperature.
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Bimetallic heterodimers often exhibit unique and superior properties different from the each one of the

constituent materials due to the synergistic effect between the two component metals. Herein, we present

the synthesis of bimetallic heterodimers consisting of Ag and hollow structured Pt nanoparticles (Ag-hPt)

through a structural transformation at elevated temperature. In this strategy, core-shell Ag-Pt

nanoparticles are first prepared, and subsequently converted into bimetallic Ag-hPt heterodimers via the

inside-out migration of Ag in core-shell Ag-Pt nanoparticles. The heating treatment at elevated

temperature is employed to promote the inside-out diffusion of Ag from the core region of the core-shell

nanoparticles. The resulting bimetallic Ag-hPt heterodimers display significantly different optical and

catalytic properties from their core-shell Ag-Pt nanoparticle precursors. The synthetic technique and

mechanistic understanding may provide new opportunities to design and fabricate heterogeneous

nanostructures with interesting physicochemical properties.

1 Introduction

Bimetallic heterodimers, in which one metal is distributed at
single site on the surface of another metal particles, might exhibit
unique and superior properties different from the each one of the
constituent materials due to the synergistic effect between the two
component metals. For example, the Pt nanoparticles modified by
Au clusters were found to display excellent stability for the
electrocatalysis of oxygen reduction reaction (ORR) at room
temperature due to the electronic interaction between Au and Pt
in the heterodimers.! A number of strategies including localized
overgrowth,? high temperature reduction,’ plasmon-mediated
synthesis," manipulation of reaction kinetics,” and selective
transformation® have been developed for the synthesis of
bimetallic heterodimers. Recently, Puntes and coworkers reported
the fabrication of Au-Pt heterodimers at room temperature using
oleylamine as reducing agent, and found that the Pt seeds play an
important role for the nucleation and growth of Au region in the
heterodimer structures.” However, in comparison with the
abundant studies on the semiconductor/metal oxide-noble metal
heterodimers,®® the literatures reported on heterodimers
consisting of two chemically distinct metals are still very limited
due to the lack of synthetic inaccessibility. The most commonly
used seed-mediated growth method usually results in the
formation of bimetallic nanoparticles with core-shell or dendritic
aggregates.'™!  Considering the further exploration of the
properties and consquent applications of these heterogeneous
nanostructures, the development of effective approaches for the
production of bimetallic heterodimers would be undoubtedly
important and pose significant challenges.

In the present work, we present a facile and high-yield
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approach to the synthesis of bimetallic heterodimers consisting of
Ag and hollow structured Pt nanoparticles, labeled as Ag-hollow
Pt (Ag-hPt), which is based on an unique diffusion phenomenon
of Ag in core-shell Ag-Pt nanoparticles with Ag residing in the
core region. In this strategy, core-shell Ag-Pt nanoparticles are
first prepared as starting templates dispersed in an organic
medium. The core-shell Ag-Pt templates are subsequently
converted into Ag-hPt heterodimers via the inside-out migration
of Ag in core-shell Ag-Pt nanoparticles. The heating treatment at
elevated temperature is employed to promote the inside-out
diffusion of Ag from the core region of the core-shell
nanoparticles. The purpose of this study is to provide an unique
strategy (inside-out migration of Ag in core-shell Ag-Pt
nanoparticles) to fabricate bimetallic Ag-hollow Pt nanoparticles
with heterodimeric structures and to demonstrate the
physical/chemical properties of a bimetallic system might be
tuned by tailoring its structure (by relegating Ag to the core or on
the shell region in bimetallic Ag-Pt nanoparticles). As we will see,
the resulting bimetallic Ag-hPt heterodimers and their core-shell
Ag-Pt nanoparticle precursors are significantly different in optical
and catalytic properties. It should be noted that in this work we
are not seeking an electrocatalysts with enhanced activity. The
oxygen reduction reaction (ORR) was only chosen as a typical
example to demonstrate the effect of the different structure on the
catalytic property of a bimetallic system. This study offers a vivid
example to demonstrate the tuning of the material properties by
means of a structural tailoring. In addition, the mechanistic
understanding of the structural transformation from core-shell to
heterogeneous nanoparticles might be used to design and
fabricate other heteronanostructures for a given application.

This journal is © The Royal Society of Chemistry [year]
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2 Experimental
2.1 General materials

Potassium tetrachloroplatinate(I) (K,PtCly, 98%), silver nitrate
(AgNO;, 99%), aqueous HClO, solution (70%, ACS reagent),
and Nafion 117 solution (5% in a mixture of lower aliphatic
alcohols and water) from Aladdin Reagents, oleylamine (70%,
technical grade) from Sigma-Aldrich, methanol (99%) and
toluene (99.5%) from Beijing Chemical Works, and Vulcan XC-
72 carbon powders (XC-72C, BET surface area = 250 m*/g and
average particle size = 40~50 nm) from Cabot Corporation, were
used as received. All glassware and Teflon-coated magnetic stir
bars were cleaned with aqua regia, followed by copious washing
with de-ionized water before drying in an oven.

2.2 Synthesis of core-shell Ag-Pt nanoparticles

An one-pot approach was used for the synthesis of Ag-Pt
nanoparticles with core-shell structures. In brief, 68 mg of
AgNO; (0.4 mmol) and 83 mg of K,PtCl, (0.2 mmol) were added
to 20 ml of oleylamine in a three-necked flask equipped with a
condenser and a stir bar. The solution was brought to and kept at
165°C for 2 h under flowing N, for the reduction of Ag" and Pt*
by oleylamine. The Ag and Pt precursor molar ratio was
controlled at 2/1. After reaction, the core-shell Ag-Pt
nanoparticles were purified by precipitation with methanol,
centrifugation, washing with methanol, and re-dispersed in 20 mL
of toluene.

2.3 Synthesis of bimetallic Ag-hPt heterodimers

The bimetallic Ag-hPt heterodimers were converted from the
core-shell Ag-Pt nanoparticles. To accelerate the conversion from
core-shell Ag-Pt nanoparticles to bimetallic Ag-hPt heterodimers,
10 mL of core-shell Ag-Pt particle solution in toluene was placed
in a three-necked flask equipped with a condenser and a stir bar,
which was then aged at 80°C for 72 h under air and constant
stirring.

2.4 Particle characterizations

Transmission electron microscopy (TEM), high resolution TEM
(HRTEM), and scanning TEM (STEM) were performed on the
JEOL JEM-2100 and FEI Tecnai G*> F20 electron microscope
operating at 200 kV with a supplied software for automated
electron tomography. For the TEM measurements, a drop of the
nanoparticle solution was dispensed onto a 3-mm carbon-coated
copper grid. Excessive solution was removed by an absorbent
paper, and the sample was dried under vacuum at room
temperature. An energy dispersive X-ray spectroscopy (EDX)
analyzer attached to the TEM operating in the scanning
transmission electron microscopy (STEM) mode was used to
analyze the chemical compositions of the synthesized
nanoparticles. UV-visible spectra of the organic suspensions of
core-shell Ag-Pt nanoparticles and bimetallic Ag-hPt
heterodimers  were collected on a Hitachi U-3900
spectrophotometer. Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku D/Max-3B diffractometer, using Cu
Ka radiation (A = 1.54056 A). X-ray photoelectron spectroscopy
(XPS) was conducted on a VG ESCALAB MKII spectrometer.
Samples for XRD and XPS analyses were concentrated from the
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ss toluene solution of nanoparticles to 0.5 mL using flowing N,. 10

mL of methanol was then added to precipitate the nanoparticles,
which were recovered by centrifugation, washed with methanol
several times, and then dried at room temperature in vacuum.

2.5 Electrochemical measurements

Electrochemical measurements were carried out in a standard
three-electrode cell connected to a Bio-logic VMP3 (with EC-lab
software version 9.56) potentiostat. A leak-free Ag/AgCl
(saturated with KCl) electrode was used as the reference
electrode. The counter electrode was a platinum mesh (1x1 cm?)
attached to a platinum wire.

For the loading of the catalyst on Vulcan XC-72 carbon
support, a calculated amount of carbon powder (78 mg) was
added to 10 mL of toluene solution of core-shell Ag-Pt
nanoparticles or bimetallic Ag-hPt heterodimers. After stirring
the mixture for 24 h, the nanoparticles/C were collected by
centrifugation, washed twice with methanol, and then dried at
room temperature in vacuum. Upon the high loading efficiency of
the nanoparticles on XC-72C carbon powders from the toluene
(~99%),%% 20 wt% Pt on carbon support was achieved.

The working electrode was a thin layer of Nafion-impregnated
catalyst cast on a vitreous carbon disk. This electrode was
prepared by ultrasonically dispersing 10 mg of the
nanoparticles/C in 10 mL of aqueous solution containing 4 mL of
ethanol and 0.1 mL of Nafion. A calculated volume of the ink
was dispensed onto the 5 mm glassy carbon disk electrode to
produce a nominal catalyst loading of 20 pg cm™ (Pt basis). The
carbon electrode was then dried in a stream of warm air at 70°C
for 1 h.

The room temperature cyclic voltammograms of core-shell
Ag-Pt nanoparticles and bimetallic Ag-hPt heterodimers in argon-
purged HCIO,4 (0.1 M) were recorded between -0.2 V and 1 V at
50 mV s and used for the determination of electrochemically
active surface area (ECSA) of Pt. The catalyst performance in
room-temperature oxygen reduction reaction (ORR) was
evaluated in HCIO, electrolyte solution (0.1 M) using a glass
carbon rotating disk electrode (RDE) at a rotation speed of 1600
rpm. Negative-going linear sweep voltammograms were recorded
from 0.8 V to 0 V at 20 mV s at room temperature in the
presence of bubbling ultra-pure oxygen to maintain a saturated
oxygen atmosphere near the working electrode. In the ORR
polarization curve, the current density was normalized in
reference to the ECSA to obtain the specific activities.

3 Results and discussion

In the strategy developed in this work, the preparation of core-
shell Ag-Pt nanoparticles is an important step preceding the
fabrication of bimetallic Ag-hPt heterodimers. The core-shell Ag-
Pt nanoparticles were synthesized using a co-reduction of AgNO;
and K,PtCl; in oleylamine at elevated temperature. Although
both Ag(I) and Pt(Il) cation precursors were heated in one-pot,
the Ag(I) precursor was preferentially reduced because the
reduction of Ag-oleylamine complexes was kinetically more
facile. The fast kinetics resulted in the formation of multiply
twinned Ag nanoparticles which seeded the subsequent
deposition of Pt. The as-prepared colloidal solution was then

110 cooled down to room temperature, and the nanoparticles were
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precipitated, washed with methanol, and redispersed into toluene.
3.1 Core-shell Ag-Pt nanoparticles

The typical TEM and STEM images of the core-shell Ag-Pt
nanoparticles were shown in Fig. la and b. The nanoparticles
were nearly monodispersed, with an average diameter of
approximate 12.9 nm. The EDX analysis (Fig. 1c) of an arbitrary
single particle boxed in the high-angle annular dark-field STEM
image (Fig. 1b) confirmed that the particle was indeed composed
of Ag and Pt. The formation of core-shell structure could be
10 demonstrated by the elemental profiles of arbitrarily chosen
single particles in the high-angle annular dark-field STEM mode.
As indicated in Fig. 1d, the Pt signal was present throughout the
particle whereas the Ag signal was detected only in the core
region (approximate 9 nm). The core-shell Ag-Pt nanoparticles
1s were predominately mutiply twinned with an icosahedral
morphology, as illustrated by the HRTEM images sampled from
isolated particles (Fig. le, f, and g), which showed the particles in
different orientations (along a 2-fold symmetry axis in Fig. le,
alond a 3-fold symmetry axis in Fig. 1f, and along a 5-fold
0 symmetry axis in Fig. 1g)."
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elemental profiles, and (e,f,g) HRTEM images of icosahedral core-shell
Ag-Pt nanoparticles synthesized in oleylamine by an one-pot approach.

so 3.2 Bimetallic Ag-hPt heterodimers

After heating the core-shell Ag-Pt colloidal solution in toluene at
80°C for 72 h under air, Ag was migrated to the surface of Pt
shells from the interior of core-shell Ag-Pt nanoparticles,
resulting in the formation of bimetallic heterodimers consisting of
ss Ag and Pt nanoparticles with a hollow interior. The TEM and
STEM images (Fig. 2a and b) after heating treatment in toluene
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showed that only heterodimers with strong imaging contrast in
different domains were observed in the final products, which
were clearly distinct from the starting core-shell nanoparticles
(Fig. 1a and b). The void space between the core and the outer
shell regions in the Pt domains, formed upon the inside-out
migration of the Ag cores by heating treatment, was discernible
by the strong brightness contrast in TEM and STEM images,
while Ag appeared as lighter domains having solid-state
interfaces with the Pt sections. As indicated by Fig. 2¢, the EDX
analysis of an arbitrary single dimer boxed in the high-angle
annular dark-field STEM image (Fig. 2b) confirmed the presence
of Ag and Pt after heating treatment of core-shell Ag-Pt
nanoparticles. A more diect evidence for the formation of Ag-hPt
heterodimers was provided by the line scanning analysis of an
arbitrary single dimer in the high-angle annular dark-field STEM
mode. As shown in Fig. 2d, the Pt signal were present at one side
throughout the heterodimer whereas the Ag signal was detected
only at the other side. The interplanar spacings of approximate
0.24 nm and 0.23 nm indicated in the HRTEM images of the
biemtallic Ag-hPt heterodimers (Fig. 2e and f) correspond to the
(111) planes of face-centered cubic (fcc) Ag and Pt, respectively.
A comparison of TEM and STEM images of bimetallic Ag-hPt
heterodimers (Fig. 2a and b) and core—shell Ag-Pt nanoparticles
(Fig. 1a and b) showed virtually no change in the particle size and
morphology for the remaining Pt domains, suggesting that the
inside-out migration of Ag cores from core-shell Ag-Pt
nanoparticles did not cause the collapse of the particle geometry.

Counts (a.u.)
Intensity (au )

15 20 25 30 a5
Position (nm)

40 45

0.24' nm
Ag (111)

Fig. 2 (a) TEM image, (b) STEM image, (c) STEM-EDX spectrum, (d)
elemental profiles, and (e,f) HRTEM images of bimetallic Ag-hPt
heterodimers synthesized via the inside-out migration of Ag in core-shell
Ag-Pt nanoparticles at elevated temperature.
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3.3 Mechanism for the fabrication of bimetallic Ag-hPt
heterodimers from core-shell Ag-Pt nanoparticles

The fabrication of bimetallic Ag-hPt heterodimers via the inside-
out migration of Ag in core-shell Ag-Pt nanoparticles can be
rationalized by the scheme shown in Fig. 3. The twinned Ag
seeds were inherently unstable and could slowly be etched by
dissolved O, and CI™ dissociated from the Pt precursor to
generate Ag(I) ions.">!* These Ag(I) ions were then diffused out
through the discontinuous Pt shells, which were produced during
the epitaxial deposition of Pt atoms on the Ag seeds with a large
number of imperfections on their surfaces, due to the Ag(I)
concentration gradient between the interior of core-shell Ag-Pt
nanoparticles and the surrounding solution. At suitable
temperature (e.g. 80°C), the Ag(I) ions diffused out from core-
shell Ag-Pt nanoparticles were re-reduced by excess oleylamine
in the solution to form single crystalline Ag nanoparticles
decorated on the outer surface of the Pt shell.” The Ag
nanoparticles grew with the continued outward diffusion of Ag(I)
ions until the Ag core was completed depleted, leaving behind a
colloidal solution of bimetallic Ag-hPt with heterogeneous
nanostructures. Finally, the Ag nanoparticles on the surface of the
Pt shell underwent a ripening process, e.g. Ostwald ripening or
electrochemical ripening,'>'® to form larger and more stable
domains on the surface of Pt shell. The evolution of Ag
nanoparticles on the surface of hollow Pt domains might be
supported by the two STEM images of core-shell Ag-Pt system
obtained at early stages of heating treatment (40 h and 60 h after
heating treatment at elevated temperature under air), as shown in
Fig. S1 of Electronic Supplementary Information (ESI), which
illustrated that at early stage the Ag nanoparticles were formed at
multiple sites on the surface of hollow Pt domains. However, the
ripening observed in TEM might not exactly represent the case in
solution, since the electron beam might have affected the
process.'’
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Fig. 3 A schematic illustration showing the formation of bimetallic Ag-

o Ag

hPt heterodimers via the inside-out migration of Ag in core-shell Ag-Pt
nanoparticles.

3.4 Optical properties of core-shell Ag-Pt nanoparticles and
bimetallic Ag-hPt heterodimers

Fig. 4 showed the absorption spectra recorded from organic
suspensions of the as-synthesized core-shell Ag-Pt nanoparticles
and Ag-hPt heterodimers. For comparison, in Fig. 4 the
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absorption spectrum of the monometallic Ag nanoparticles
prepared by oleylamine reduction of AgNO; in the abscence of
K,PtCl, was also shown, which gave surface plasmon resonance
(SPR) peak at 392 nm. For the core-shell Ag-Pt nanoparticles, the
SPR peak associated with Ag cores was observed at 377 nm,
clearly indicating that the SPR for Ag is blue-shifted as a result of
coating with a Pt shell. This phenomenon can be attributed to the
decrease in surface electron density in the Ag core, which is
driven by electron donation from Ag to Pt because of the higher
electronegativity of Pt (2.28) relative to Ag (1.83). However, for
the bimetallic Ag-hPt heterodimers prepared via inside-out
migration of Ag in core-shell particles, the SPR peak associated
with the Ag domains in the heterodimers appeared at longer
wavelengths (400 nm). In principle, the optical properties of
metal nanoparticles were determined by the interaction of the
incoming light with the free conduction electrons. The plasmon
resonance condition was fulfilled and absorption would occur
when there was a coupling between the frequency of the
alternating electric field of the electromagnetic radiation and the
oscillation of conduction electrons. Since this was a surface
effect, the asymmetric incorporation of another metal
nanoparticles could change the resonance condition of the latter,
as observed for the bimetallic Ag-hPt heterodimers. These results
demonstrated that the optical properties of Ag nanoparticles could
be affected by their nanostructures formed with a second metal.

1.0
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Fig. 4 UV-Visible spectra recorded from organic suspensions of the core-
shell Ag-Pt nanoparticles (black line), bimetallic Ag-hPt heterodimers
(red line), and the monometallic Ag nanoparticles prepared by oleylamine
reduction of AgNO; at elevated temperature in the abscence of K,PtCly
(blue line).

3.5 Electrocatalytic activity of core-shell Ag-Pt nanoparticles
and bimetallic Ag-hPt heterodimers

To demonstrate the effect of the structure of the bimetallic Ag-Pt
systems on the catalytic properties, the core-shell Ag-Pt
nanoparticles and bimetallic Ag-hPt heterodimers were loaded on
Vulcan carbon and examined for their electrocatalytic activities
towards the room-temperature oxygen reduction reaction (ORR).
Cyclic voltammograms of core-shell Ag-Pt/C and bimetallic Ag-
hPt/C in argon-purged 0.1 M HCIO, at room temperature were
used to obtain the electrochemical active surface areas (ECSAs)

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



Journal of Materials Chemistry A

from the hydrogen adsorption/desorption regions (-0.2-0.1 V vs
Ag/AgCl). As shown in Fig. 5a, the ECSAs normalized by the
mass of Pt for core-shell Ag-Pt nanoparticles and bimetallic Ag-
hPt heterodimers were 40.6 m> gp{l and 48.8 m?> gp{l,
s respectively. The inside-out migration of Ag from core-shell Ag-
Pt nanoparticles may lead to the increase of ECSAs by releasing
the inner surface of Pt shell, whereas the growth of Ag domains
on the outer surface of Pt shell would result in the decrease of
ECSAs due to the coherent interfaces between hollow Pt and Ag
10 in the heterodimers, which may induce some blockage of the
surface area of the Pt shells. These two effects might have offset
each other, such that the ECSA of bimetallic Ag-hPt heterodimers
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Fig. 5 (a) Cyclic voltammograms of core-shell Ag-Pt nanoparticles
and bimetallic Ag-hPt heterodimers in argon-purged HCIO, (0.1
M) at room temperature, scan rate: 50 mV s; (b) ORR polarization
curves for core-shell Ag-Pt nanoparticles and bimetallic Ag-hPt
heterodimers, recorded at room temperature in an O,-saturated
HCIO, solution (0.1 M) at a sweep rate of 20 mV-s™ and a rotating
speed of 1600 rpm; (c) chronoamperograms of core-shell Ag-Pt
nanoparticles and bimetallic Ag-hPt heterodimers at 0.6 V in an O»-
saturated HCIO4 solution (0.1 M) at room temperature and a
rotating speed of 1600 rpm.

40

4

o

w
=

70

was only slightly higher than that of core-shell Ag-Pt
nanoparticles. In cyclic voltammograms (Fig.5a), the slight
increase in ECSA may account for the small positive shift of the
peak related to reduction of oxygen containing adsorbed species
for bimetallic Ag-hPt heterodimers in comparison with that for
core-shell Ag-Pt nanoparticles.

Fig. 5b showed the ORR polarization curves in the potential
range of 0.8 to 0 V for core-shell Ag-Pt nanoparticles and
bimetallic Ag-hPt heterodimers in oxygen-saturated 0.1 M HCIO,
at room temperature. The half-wave potentials for the core-shell
Ag-Pt nanoparticles and bimetallic Ag-hPt heterodimers were
518 mV and 606 mV, respectively. It has been noted that the half-
wave potential for bimetallic Ag-hPt heterodimers was much
more positive than that of core-shell Ag-Pt nanoparticles,
indicating that the Pt shells in the Ag-hPt heteodimers have
higher catalytic activity for ORR in comparison with that of core-
shell Ag-Pt nanoparticles under the experimental conditions.
Furthermore,  chronoamperometry  of  core-shell ~ Ag-Pt
nanoparticles and bimetallic Ag-hPt heterodimers at 0.6 V in
oxygen-saturated 0.1 M HCIO, solution was used to obtain some
indications of the long-term performance of the catalysts in ORR.
As shown in Fig. 5c, the "steady-state" specific activity of
bimetallic Ag-hPt heterodimers was higher than that of core-shell
Ag-Pt nanoparticles after 2.5 h, indicating the greater stability of
the bimetallic heterodimers.

Considering the electronic coupling between Ag and Pt were
present both in core-shell Ag-Pt nanoparticles and bimetallic Ag-
hPt heterodimers although it was asymmetric in the latter, the
lower catalytic activity of the core-shell Ag-Pt nanoparticles in
comparison with that of the bimetallic Ag-hPt heterodimers could
be attributed to the tensile effect imposed on the Pt shell by the
Ag core in core-shell structures. Since Ag has larger lattice
parameter (0.4090 nm) than that of Pt (0.3923 nm), the Ag cores
would exert a tensile effect on the Pt atoms deposited on their
surfaces.'" The XRD patterns in ESI Fig. S2 was used to indicate
the crystalline nature of the core-shell Ag-Pt nanoparticles and
bimetallic Ag-hPt heterodimers. Since Ag has similar crystalline
structure and lattice parameters as those of Pt, the XRD patterns
in Fig. S2 could be a convolution of the XRD features of these
crystallographically similar metals. In addition, as indicated,
compared to the core-shell Ag-Pt nanoparticles, a small negative
shift in 20 (~0.2°) was observed for the XRD peaks of Ag-hPt
heterodimers, which was induced by the emilination of the tensile
effect due to the inside-out migration of Ag cores from core-shell
Ag-Pt particles.The tensile effect of Ag core on Pt shell in core-
shell Ag-Pt nanoparticles was also observed experimentally in the
Pt-4f XPS spectra. When the tensile strain occurs, the width of
the d-band and the energy of its center change as the overlap
changes, although the degree of d-band filling remains the same.
The atoms are pushed away and the average coordination number
decreases, leading to the decreased overlap of the d orbitals, and
consequently the band narrows.'® The center of the d-band moves
up in order to maintain the same filling degree. Further close to
the Fermi level, the d-electrons have become less stable, resulting
in the decrease of Pt XPS binding energies, which are related to
the ionization of these metal atoms."”” As shown in ESI Fig. S3,
the 4f XPS spectra of Pt in core-shell Ag-Pt nanoparticles and
bimetallic Ag-hPt heterodimers were analyzed. The Pt 4f spectra
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can be deconvoluted into two pairs of doublets. The more intense
doublet (at 70.2 eV and 73.5 eV for core-shell Ag-Pt, 70.5 eV and
73.8 eV for bimetallic Ag-hPt heterodimers) corresponded to
Pt(0), while the second and weaker doublet, with binding
energies of approximate 1.4 eV higher than those of Pt(0), could
be assigned to Pt(Il) as in PtO and Pt(OH),.* As expected, in
comparison with those in bimetallic Ag-hPt heterodimers, an
appreciable shift to lower values was observed for Pt 4f;, and
4f5, binding energies in the core-shell Ag-Pt nanoparticles.

It is generally accepted that the common ORR process, i.e. the
series 4 electron pathway, must involve both the breaking of an
0-0 bond and the formation of O-H bonds.*' The most active Pt-
based catalyst should have the d-band center with an intermediate
value since the optimal ORR catalyst needs to facilitate both
bond-breaking and bond-making steps without hindering one or
the other.”> For core-shell Ag-Pt nanoparticles, the tensile effect
of Ag core on Pt shell, which leads to narrower d-band, results in
an up-shift of the d-band center of the Pt shell. As has been
demonstrated,? the surface of a Pt-based catalyst with high value
of d-band center tends to bind adsorbents too strongly, thereby
enhancing the kinetics of dissociation reactions producing these
adsorbents. In this case, the Pt shells may suffer from hindered
bond-making step, therefore are less active for ORR. On the other
hand, the bimetallic Ag-hPt heterodimers showed good catalytic
activity toward ORR possibly because they have a more suitable
d-band center to balance the breaking of O-O bonds and the
formation of O-H bonds.

4 Conclusions

In summary, bimetallic heterodimers consisiting of Ag and
hollow structured Pt nanoparticles were fabricated through the
heating treatment of core-shell Ag-Pt nanoparticles. This strategy
was based on an unique diffusion phenomenon of Ag in core-
shell Ag-Pt nanoparticles with Ag residing in the core region.
Core-shell Ag-Pt nanoparticles were first prepared, which were
subsequently converted into Ag-hPt heterodimers via the inside-
out migration of Ag in core-shell Ag-Pt nanoparticles. The
heating treatment at elevated temperature was employed to
promote the inside-out diffusion of Ag from the core region of
the core-shell nanoparticles. The resulting bimetallic Ag-hPt
heterodimers and their core-shell Ag-Pt nanoparticle precursors
displayed significant difference in optical and catalytic properties.
This study offers a vivid example to demonstrate the tuning of the
material properties by means of a structural tailoring. The
technique may be extended to explore the heterodimers composed
of nobles other than Ag and Pt. This could result in some
interesting examples with technological importance.
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