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The design of active and robust bimetallic nanoparticle catalysts requires the control of the nanoscale
alloying and phase-segregation structures and the correlation between the nanoscale phase structures and
the catalytic properties. Here we describe new findings of a detailed investigation of such nanoscale phase
structures and their structure—catalytic activity correlation for gold—platinum nanoparticles prepared with
controllable sizes and compositions. The nanoscale alloying and phase-segregation were probed as a
function of composition, size, and thermal treatment conditions using X-ray diffraction, X-ray photoelec-
tron spectroscopy, high-resolution transmission electron microscopy, electrochemical characterization,
and density functional theory modeling. The results have provided the experimental evidence in support of
the theoretically simulated dependence of alloying and phase segregation on particle size and temperature.
More importantly, new insights have been gained into the control of the nanoscale phase properties of this
bimetallic system among alloyed, partially alloyed, or partially phase segregated structures. In contrast to
the largely alloyed character for the catalysts treated at 300—400 °C, the higher-temperature treated
catalysts (e.g., 800 °C) are shown to consist of a Pt-rich alloy core and a Au shell or a phase-segregated Au
domains enriched on the surface. This conclusion is further supported by the electrochemical and
electrocatalytic data revealing that the catalytic activity is highly dependent on the nanoscale evolution
of alloying and phase segregation. The thermal control of the nanoscale alloying, phase-segregation, and
core—shell evolution of the nanoscale bimetallic catalysts provided the first example for establishing the
correlation between the nanoscale phase structures and the electrocatalytic activity for oxygen reduction
reaction correlation, which has profound implications to the design and nanoengineering of a wide variety

of bimetallic or multimetallic nanostructures for advanced catalysts.

Introduction

Alloy and phase properties are key factors in determining
the catalytic properties of bimetallic or trimetallic catalysts. In
sharp contrast to the miscibility gap in a wide bimetallic
composition range for bulk gold—platinum system,' our ear-
lier work has demonstrated single-phase alloy properties for
bimetallic AuPt nanoparticles prepared by sequential two-
phase synthesis, assembly, and activation processes.” The
alloy nanoparticles showed enhanced electrocatalytic activi-
ties for methanol oxidation reaction and oxygen reduction
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For example, a study of the bimetallic nanoparticles prepared
by microemulsion and impregnation showed an alloy phase
whereas the colloidal approach resulted in phase-segregated
particles.” Thin films of AuPt prepared by co-sputtering were
shown to exhibit alloy properties dependent on surface com-
positions and electrochemical conditions.” Thin films of
AuPt were also prepared by crossed-beam pulsed laser depo-
sition where the metastable AuPt alloys are formed over the
entire composition range.”® The study of AuPt/C prepared
by microemulsion showed segregation of Pt on the surface
for low-Au particles but single-phase alloy properties on
high-Au particles.'* Pt-rich alloy surfaces in different AuPt
heteronanostructures prepared by depositing colloidal Pt on
Au nanoparticles in organic solvents showed enhanced
activity toward formic acid oxidation reactions.'” However,
non-alloyed AuPt/C prepared by a polyol method was
also shown to display electrocatalytic activity for oxygen
reduction reaction and methanol oxidation reaction.'® Our
recent in situ real time X-ray diffraction study revealed that
the AuPt system could be alloyed or phase-segregated
depending on support properties.'”> For example, SiO--
supported AuPt nanoparticles exhibited a single-phase alloy
structure after extensive annealing at high temperature
whereas Al,Os-supported particles exhibited phase segrega-
tion.'> The phase structure of this nanoscale system is
evidently complex.

The design and control of spatial arrangement of Au and
Pt in AuPt nanoparticles are critical for exploiting the
nanoscale bifunctional catalytic activity where Pt provides
a site for catalyzing methanol oxidation or oxygen reduction
reactions and Au provides a site for adsorption of hydroxide
groups or oxidation of CO to CO,."”~'? Indeed, the impor-
tance of the bimetallic spatial arrangement was recently
demonstrated for core—shell structured Au-core/Pt-shell,
Pt-core/Au-shell and Fe;O4-core/Au-shell/Pt-shell nano-
particles in electrocatalytic oxygen reduction reaction and
methanol oxidation reaction,'® and for dentritic Au-core/Pt-
shell core—shell nanostructures prepared by ascorbic acid
reduction in electrocatalytic methanol oxidation reaction.”!
A partially alloyed AuPt catalyst was proposed to enhance
the electrocatalytic activity for oxygen reduction reaction.'?
The modification of Pt nanoparticles with gold clusters
has also been demonstrated to enhance catalyst stability
against dissolution in the electrocatalytic oxygen reduction
reaction.””> For preformed Au-core/Pt-shell nanoparticles
prepared by depositing Pt shell on Au core, surface mapping
showed instability of the core—shell structure at high
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temperatures and transformation into two phases separated
by an interface.” The partial substitution of Pt with Au was
shown to improve the methanol oxidation reaction in alka-
line electrolyte, but alloying had no significant effect on
catalytic activity in acidic electrolyte.”* This bimetallic struc-
ture of Au core and Pt shell synthesized by a successive
reduction was shown to exhibit electrocatalytic activity for
methanol oxidation reaction.> The possibility of the phase
segregation forming core—shell nanoparticles by heating
AuPt alloy nanoparticles to higher temperatures has been
suggested by computation modeling.® It is noteworthy that
electrochemical studies of hydrogen adsorption—desorption
charges and electrocatalytic reactions’*!'*2°7% have indi-
cated the close association of surface sites with the electro-
catalytic activity, but little information has been obtained for
assessing the correlation between the phase structures and
the surface catalytic properties.

In this report, new experimental and theoretical findings
are presented for establishing the correlation between the
nanoscale phase structures and the catalytic activities of
carbon-supported Au,Pt;o)—, nanoparticles thermally pro-
cessed at different temperatures. An important emphasis is
to address the question how the nanoscale bimetallic system
undergoes alloying, partial, or complete phase segregation
(Scheme 1) under thermal control, from which we wish to
develop the phase properties of a wide range of nanoscale
bimetallic catalysts in catalytic reactions. The theoretical
basis for the hypothesis of this type of phase properties as
illustrated in Scheme 1 largely stems from two findings of
the recent molecular dynamics simulations.® One finding
was the negative heat of formation for the gold—platinum
particles smaller than ~6 nm which thermodynamically
favors the formation of alloyed phase. The other finding
was that a possible phase segregation of the gold—platinum
particles could happen as a result of the larger surface free
energy of Pt (2.48 J/m?) than Au (1.50 J/m?) and the lower
melting point of smaller-sized nanoparticles than larger-
sized particles (AT . 1/rparticle radius)).3l’32 As will be shown
in this report, the results have provided not only the first
experimental confirmation of the theoretical finding, but
also the first experimental demonstration of the control of
the phase properties of this nanoscale bimetallic system
from alloyed to partially alloyed or partially phase segre-
gated structures.
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Scheme 1. Idealized Illustrations of the Nanoscale Alloyed, Partially Alloyed/Partially Phase Segregated, Or Completely Phase
Segregated Bimetallic Metals on a Support

Alloyed Partially alloyed or partially phased segregated

Experimental Section

Chemicals. Hydrogen tetrachloroaurate (HAuCly, 99%)), tet-
raoctylammonium bromide (TOABr, 99%), hydrogen hexa-
chloroplatinate (IV) (H,PtClg- xH>0, 99.995%) obtained from
Alfa Aesar. Decanethiol (DT, 96%), oleylamine (OAM, 70%),
sodium borohydride (NaBHy, 99%), methanol (99.9%), etha-
n01(99.9%), and Nafion (5 wt %) were purchased from Aldrich
and used as received. Other chemicals included hexane (99.9%)
and toluene (99.8%) from Fisher. Carbon Black (Vulcan
XC-72) was obtained from Cabot. Water was purified with a
Millipore Milli-Q water system.

Synthesis of Nanoparticles and Catalysts. The Au,Pt;oo—,
nanoparticles were prepared by a molecular encapsulation ap-
proach based on a modified two-phase protocol.”> The synthesis
of AuPt nanoparticles involved first transfer of AuCl, ™ and PtCls>~
from aqueous solution of HAuCly; and H,PtClg into toluene
solution using a phase transfer reagent (TOABr). Thiols (e.g., decan-
ethiol, DT) and amine compounds (e.g., oleylamine, OAM) were
added to the organic solution as capping agents. An excess of
aqueous NaBH, was slowly added for the reduction reaction. The
resulting DT/OAM-encapsulated AuPt nanoparticles in toluene
were collected by removing the solvent through evaporation in
vacuum, and were dispersed in hexane. The bimetallic composition
of the AuPt nanoparticles was determined by DCP-AES. The
control of AuPt composition in the desired proportion and high
monodispersity (< 4 0.5 nm) was achieved by manipulating the
precursor feed ratio.

The preparation of the carbon-supported catalysts followed our
earlier protocols® with slight modifications. Briefly, the protocol
involved assembly of the as-synthesized nanoparticles on carbon
support, followed by thermal treatment under controlled tempera-
ture and atmosphere. The thermal treatment involved heating the
catalyst at from room temperature (RT) to 280 °C under 20% O,
and holding at this temperature for 60 min for sample series -A and
for 30 min for sample series -B and -C, followed by cooling to RT
before annealing in a temperature range of 300—800 °C under 15%
H, over a time length of 2 h. The actual loading was controlled in the
range 20 to 24% by mass.

Preparation of Catalysts on Electrodes. Glassy carbon disks
(geometric area: 0.196 cm?) were polished with 0.005 um Al,O
powders. The geometric area of the substrate electrode (glassy
carbon), not the surface area of the catalyst itself, provides a
measure of the loading of catalyst on the electrode surface. A
typical suspension of the catalysts was prepared by adding 15 mg
of catalyst (AuPt/C) to 12 mL of deionized water, 3 mL of
isopropanol and 60 uL of 0.25% Nafion solution, and ultra-
sonication for 10 min. The suspension was then quantitatively
transferred to the surface of the polished glassy carbon disk.

Direct current plasma-atomic emission spectroscopy (DCP-
AES) was employed to analyze the composition of the as-
synthesized bimetallic nanoparticles using an ARL Fisons SS-7
DCP-AES instrument; the measurements were made on emission
peaks at 267.59 and 265.95 nm for Au and Pt, respectively. The

Completely phase segregated

nanoparticle samples were dissolved in concentrated aqua regia,
and then diluted to concentrations in the range of 1 to 50 ppm for
analysis. Calibration curves were made from dissolved standards
with concentrations from 0 to 50 ppm in the same acid matrix as the
unknowns. Standards and unknowns were analyzed 10 times each
for 3 s counts. Instrument reproducibility, for concentrations
greater than 100 times the detection limit, results in < £2% error.

Transmission electron microscopy (TEM) was performed on
a Hitachi H-7000 electron microscope (100 kV). For TEM
measurements, samples were suspended in hexane solution
and were cast by dropping the nanoparticle solution onto a
carbon-coated copper grid followed by solvent evaporation in
air at room temperature.

X-ray Powder Diffraction (XRD) data were collected on two
instruments; (a) a Philips X’Pert diffractometer using Cu Ka
radiation (A =1.5406 A)‘ The measurements were done in reflec-
tion geometry and the diffraction (Bragg) angles 26 were
scanned at a step of 0.025°. Each data point was measured for
at least 20 s and several scans were taken of each sample for
Au,,Ptyg/C sample A series and AuygPts;/C samples series; (b) a
Scintag XDS2000 6-6 diffractometer using Cu KauA = 1.5406 A,
equipped with a Ge (Li) solid state detector for Au,,Pt;g/C
sample B series. The XRD data was collected from 20 to 90
degree 26 at a rate of 0.58 degrees/min at room temperature. The
diffraction data was compared to the XRD database of Interna-
tional Centre for Diffraction Data for both instruments.

X-ray Photoelectron Spectroscopy (XPS) measurements were
made by using a Physical Electronics Quantum 2000 scanning
ESCA microprobe. This system uses a focused monochromatic
Al a X-ray (1486.7 eV) source for excitation and a spherical
section analyzer. The instrument has a 16-element multichannel
detection system. The X-ray beam used was a 100W, 100-um
diameter beam that is rastered over a 1.4 mm by 0.2 mm
rectangle on the sample. The X-ray beam is incident normal to
the sample, and the X-ray detector is at 45° away from the
normal. The binding energy (BE) scale is calibrated using the
Cu2ps), feature at 932.62 eV and Au4f;, at 83.96 £ 0.05 eV for
known standards. The sample experienced variable degrees of
charging low energy electrons at ~1 eV, 20 uA, and low energy
Ar™ ions were used to minimize this charging. The percentages
of individual elements detected were determined from the
relative composition analysis of the peak areas of the bands.

Thermogravimetric analysis (TGA) was used to determine
the actual loading of metal nanoparticles on the carbon black
support. TGA analysis of the catalysts was performed using
Perkin-Elmer Pyris 1 TGA instrument. Typical samples weighed
~5 mg and were heated in a platinum pan under 20% O,
atmosphere at a rate of 30 °C/min

Electrochemical Measurements (Cyclic Voltammetry and Ro-
tating Disk Electrode) measurements were performed using a
microcomputer-controlled electrochemical analyzer (CHI600a,
CH Instruments). The experiments were performed in three-
electrode electrochemical cells at room temperature. All electro-
lytic (0.5 M H,SO,) solutions were deaerated with high purity
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nitrogen before the cyclic voltammetry (CV) measurements, or
saturated with oxygen before the rotating disk electrode (RDE)
measurements. The potentials are given with respect to a reversible
hydrogen electrode (RHE).

Results and Discussion

The discussion of the results is divided into four
sections. In the first section, we describe the characteriza-
tion of the composition and morphological properties
of the bimetallic nanoparticles and supported catalysts
derived from our synthetic and thermal processing
approaches. In the second section, we focus on the
detailed characterization of the nanoscale phase proper-
ties of the bimetallic catalysts in terms of alloying and
phase segregation. In addition to extensive use of XRD
technique for the characterization, DFT-based computa-
tional modeling approach was utilized to aid the funda-
mental understanding. In the third section, the detailed
thermal evolution of the bimetallic composition of the
catalysts was further assessed by XPS analysis in terms of
the nanoscale core and shell structures. The final section
focuses on a detailed assessment of the electrocatalytic
activity of the composition-, size-, and phase-controlled
bimetallic catalysts for oxygen reduction reaction, aiming
at understanding the correlation between the nanoscale
phase structures and the catalytic properties.

1. Composition and Morphology. The bimetallic com-
position of both as-synthesized and carbon-supported AuPt
nanoparticles was determined by the DCP-AES technique.
The control of the bimetallic composition in the entire
bimetallic composition range and the particle size with high
monodispersity (< = 0.5 nm) was achieved by manipulating
the precursor feed ratio. The as-synthesized nanoparticles
were supported on different support materials, including
carbon, silica, and other materials, followed by thermal
treatment under controlled temperature and atmosphere.>>*
The thermal treatment involved heating the catalyst at 280 °C
under 20% O, followed by treatment at 300—800 °C under
15% H,, as detailed in the Experimental Section. The oxida-
tion step under oxygen was followed by reduction under
hydrogen which also removed possible oxidized species
produced by the oxidation process. For the as-synthesized
Au,Ptgo—, nanoparticles, the bimetallic composition was
shown to be fully controllable by the synthetic feeding
composition. This is demonstrated by the 1:1 linear relation-
ship between the feeding composition and the nanoparticle
composition in Figure 1, which were obtained from the
experimentally determined feed and nanoparticle composi-
tions. The particle size and monodispersity were also shown
to be controllable. Au,Pt;q—, nanoparticles with average
sizes ranging from 1.6 = 0.4 nm to 3.4 £ 0.4 nm depending on
the composition were obtained. For example, Au,,Pt+g (error
for composition: £+ 1%) nanoparticles showed an average
size of 2.4 £ 0.4 nm.

As shown in Figure 2A, the particles were well dis-
persed on the carbon support. The particle sizes of the
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Zhong, C. J. J. Am. Chem. Soc. 2002, 124, 13988.
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Figure 1. Correlation between the Pt composition in nanoparticles (from
DCP-AES analysis) and the synthetic feeding composition. The solid line
represents the linear fitting to the experimental data (y = 1.906 + 0.999x,
#* = 0.9848). Right graphs: TEM and size distribution (2.4 + 0.4 nm) of
Auy,Ptsg as an example.

carbon-supported bimetallic nanoparticles (AuPt/C) after
the thermal treatment were found to depend on the ther-
mal treatment temperature. For example, Au,,Pt;g/C after
hydrogen treatment at temperatures ranging from 300 to
800 °C showed a gradual increase in size from 4 to 7 nm
(Figure 2B). This size increase is approximately linear versus
the thermal treatment temperature. Lower temperature
(300 °C) results in small sized nanoparticles, whereas higher
temperature (800 °C) results in large sized nanoparticles. A
similar size evolution has also been observed for the nano-
particles of the other compositions studied in this work (see
Supporting Information). The fact that the slightly larger
slope in the 600—800 °C region than in the 300—500 °C
region may reflect a difference in surface sintering mechan-
ism. As shown by the HRTEM images for samples treated at
400 and 800 °C (Figure 2C), the observation of the indicated
lattice fringes, 0.232 (or 0.235) and 0.204 nm, corresponding
to 111 and 100 planes, indicate that the carbon-supported
nanoparticles are highly crystalline with a subtle difference in
interatomic distance between these two treatment tempera-
tures. Similar results were also observed for samples from
different thermal treatment temperatures and with different
compositions (e.g., AugyPts).

Our ability to control the size and composition of the nano-
scale bimetallic system was further substantiated by prepar-
ing a series of Au,Pt;y—,/C catalysts with different thermal
treatment temperatures and different bimetallic composi-
tions. These catalysts were examined in our investigation in
terms of nanocrystal phase properties, surface composition,
and electrocatalytic properties. In the following subsections,
several representative types of samples will be emphasized to
illustrate our major findings, including catalysts with the
same composition but treated at different time lengths under
O, atmosphere, for example, Au,,Pt;5/C catalysts treated for
60 min (Sample-A series) and for 30 min (Sample-B series),
and catalysts with the same treatment conditions but differ-
ent composition, for example, AuyyPts;/C catalysts (Sample-
C series). The results for other compositions and conditions
will be also discussed to aid the comprehensive understanding
of this nanoscale bimetallic system.

2. Nanocrystal Phase Properties. In contrast to the
bulk AuPt counterparts which display a miscibility gap



4286  Chem. Mater., Vol. 22, No. 14, 2010 Wanjala et al.

Nanoparticle Size (nm)

©)

1 T T 1
500 600 700 800

Temperature (°C)

T T
300 400

Figure 2. Size and morphology of carbon-supported AuPt nanoparticles. (A) TEM of a sample of Auy,Pt;g nanoparticles supported on carbon (400 °C).
(B) Correlation between particle size and the thermal treatment temperature. (C) HRTEM for samples treated at 400 (a) and 800 °C (b). (The indicated
lattice fringes, 0.232 (or 0.235) and 0.204 nm, correspond to 111 and 100 planes).

at 20—90%Au," our earlier work? showed that the lattice
parameters of the alloyed AuPt nanoparticles scale line-
arly with composition (Vegard’s law) demonstrating the
alloy properties.” In the present work, the question of
how the temperature influences the alloy, partial alloy, or
phase segregation was investigated by examining a series
of carbon-supported Au,,Pt,9—, nanoparticles as a func-
tion of thermal treatment temperatures. The Au,,Pt5/C
samples were systematically examined under two thermal
treatment conditions, one for 30 min (Sample-B series)
and another for 60 min (Sample-A series) under 20%
oxygen at 280 °C before further treatment under hydro-
gen at temperatures ranging from 300 to 800 °C (for 2 h).
Figure 3 shows a representative set of XRD patterns for
Sample-A (A), -B (B), and -C (C) series as a function of
treatment temperature. There is a clear evolution of the
diffraction peaks as the temperature increases, showing a
gradual splitting of a single-peak pattern at low tempera-
ture into a two-peak overlapping pattern upon increasing
the treatment temperature. There are also subtle differ-
ences in the degree of peak splitting at the high tempera-
tures for these samples with different treatment condi-
tions or different compositions, suggesting differences in
phase segregation of the bimetallic nanoparticles.

To understand the correlation between the XRD pattern
evolution and nanoscale phase segregation, the detailed

XRD characteristics were compared with those for Au/C,
Pt/C, and alloyed AuPt/C systems.>*° In Figure 4A, the
111-peak characteristics for the AuPt/C catalysts treated at
400 and 800 °C (as shown in Figure 3) are compared with
those for Pt/C and Au/C catalysts. It is evident that the peak
positions of the 400 °C treated samples clearly fall in between
those for Au/C and Pt/C. For the 800 °C treated samples, it
appears that the low-angle peaks match well with that for
Au/C, whereas the high-angle peaks still fall in between Au/
C and Pt/C but close to Pt/C. On the basis of the linear
relationship between the lattice parameter and the bime-
tallic composition (Vegard’s law) derived from fitting to
experimental data for alloyed AuPt nanoparticles (a),> AuPt
thin films (b and ¢),>*° and bulk AuPt metals (d)* (see
Figure 4B), the results indicate that the 400 °C treated
samples are largely characteristic of alloyed AuPt whereas
the 800 °C treated samples were largely characteristic of
partially segregated phases.

The nature of the gradual phase segregation as a
function of temperature was further analyzed by peak
deconvolution. On the basis of a two-peak model for the
partially segregated phases, the deconvolution results
(Figure 5) reveal a clear pattern from the single peak at
the low temperature to double peak pattern at the high
temperatures. The lattice parameters extracted from the
deconvolution results (Figure 5) also shows a clear split-
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Figure 3. XRD patterns for several catalysts treated at different tem-
peratures: Sample-A series (A) treated at 300 (a), 400 (b), 500 (c), 600 (d),
and 800 °C (e), Sample-B series (B) treated at 400 (a), 500 (b), 600 (c), 700
(d), and 800 °C (e), and Sample-C series (C) treated at 400 (a), 500 (b), 600
(c), 700 (d), and 800 °C (e).

ting of the lattice parameter toward the single metal
directions (lattice constants: 0.4075 nm for Au/C and
0.3915 nm for Pt/C). Where there are subtle differences in
the actual values of the lattice parameter, a clear trend is
found for all three types of samples in terms of their
general feature in temperature dependence. The lattice
parameters characteristic of single-phase alloy at the low
temperature gradually approach those for the pure Au
and Pt nanoparticles with the increase in temperature. In
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contrast to the 400 °C treated samples largely character-
istic of alloys with a lattice parameter: 0.3915 nm < a <
0.4075 nm, the higher-temperature treated samples show
that one component closely matches the lattice parameter
of Au, where the other is shift toward Pt/C but larger than
0.3915 nm. By comparing the data for Sample-A, -B and
-C series (Figure 5), the subtle differences of the lattice
parameters include degree of splitting and the exact
values of the lattice parameters. Note that the deconvolu-
tion based on three-peak model (see Supporting Informa-
tion, Figure S2) also reached similar conclusions about
the alloying and partial phase segregation characters. In
addition, similar partial phase—segregation trends were
also observed for samples of other compositions such as
Auggptl 1/C and AUS6Pt44/C Catalysts.

In general, the degree of the temperature-dependent
phase segregation depends not only on the bimetallic
composition but also on the thermal treatment time
length. For Sample-B series, the lattice parameter for
the Au-rich phase evolves from the alloy to the partial
phase-segregation at a higher temperature than that for
Sample-A series. This is reflected by the differences in
slopes in the temperature dependence of the lattice para-
meter. The Pt-rich alloy phase showed a similar trend of
evolution from the alloy to the partial phase-segregation
for Sample-A and -B series. The extent of phase segrega-
tion from alloy phase at low temperature to two phases at
higher temperatures clearly depends on the thermal treat-
ment conditions. For Sample-C series, the partial phase
segregation is similar to that for Sample-B series. The
longer time duration of thermal treatment under oxygen
was evidently more favorable for an increased tendency of
partial phase segregation than the shorter time duration.

To aid the understanding of the above results, the stabi-
lity, lattice constant, and phase segregation of AuPt nano-
particles were also assessed by Density Functional Theory
(DFT) computation of small AuPt nanoparticles (~1.2 nm).
Seventeen 55-atom AuPt nanoparticles (~1.2 nm), six Auoy-
Pt;¢ (13 Au atoms and 42 Pt atoms), five AuyoPts; (27 Au
atoms and 28 Pt atoms), and six Au;¢Pt,4 (42 Au atoms and
13 Pt atoms) were studied using DFT calculations. These
calculations were carried out using the spin-polarized DFT
method that is implemented in Vienna Ab-initio Simulation
Package (VASP).>* % The exchange and correlation ener-
gies were calculated using the generalized gradient approx-
imation of Perdew and Wang (PW91).>” The electron-ion
interactions were described by Projector Augmented Waves
(PAW) method.*® A plane wave basis set was used with a cut
off energy of 400 eV. Only the I" point is needed for these
finite systems and therefore was used. Furthermore, the size
of the unit cell was chosen such that the nearest distance
between neighboring images was more than 10 A. The above
computational techniques have been used in our previous

(34) Kresse, G.; Hafner, J. Phys. Rev. B 1993, 47, 558.

(35) Kresse, G.; Furthmiiller, J. Phys. Rev. B 1996, 54, 11169.

(36) Kresse, G.; Furthmiiller, J. Comput. Mater. Sci. 1996, 6, 15.

(37) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.;
Pederson, M. R.; Singh, D. J.; Fiolhais, C. Phys. Rev. B 1992, 46,
6671.

(38) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758.
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Figure 4. (I) Comparison of the 111-peak characteristics among Au/C catalyst, Pt/C catalyst, and AuPt/C catalysts (A, B, and C) treated at two temperatures.
(IT) Plots based on linear fitting (Vegard’s law) to experimental data for the lattice constant—bimetallic composition correlation for alloyed AuPt nanoparticles
treated below 400 °C (a),> AuPt thin films (b),” AuPt thin films (c),® and bulk AuPt metals (d. note that the dash line originates from data whereas the dotted
only represent the linear trend).? The two horizontal dashed lines represent the lattice parameters corresponding to Au/C and Pt/C, respectively.

studies of transition metal clusters, such as Pt,* Au,***! and

AuPt.** * A full geometry relaxation without any symme-
try constraints was also performed to all the systems. The
structures and the corresponding stability of these nanopar-
ticles are shown in Supporting Information, Figure S3.

On the basis of comparison of the results for the Au,4Pt7¢
isomers (see Supporting Information, Figure S3), which is
close to the experimental composition Au,,Ptsg for this
study, the stability of alloy structures was found to lie in
between the core—shell structures. The complete Pt-core/
Au-shell structure is the most stable among all isomers. The
least stable isomer has the least number of surface Au atoms.
When temperature increases, the alloy nanoparticles evolve
in such a way that the outer shell Pt atoms migrate into the
inner shell. This is further supported by molecular dynamics
simulations,® where upon heating above 600 K such Pt
migration takes place in an alloy nanoparticle of ~3.6 nm.
The computational results further indicate that thermal
treatments of alloy AuPt nanoparticles should be below
certain temperatures to prevent the loss of outershell Pt
atoms. Figure 6 shows the DFT-calculated lattice constants,
which are indeed smaller than that of bulk. This finding is in
agreement with our earlier finding of the nanoscale phase
properties for the alloyed AuPt/C catalysts (see Figure 4-
(I1)).? The computation results supported the observed over-
all lattice shrinking of the metal and bimetallic nanoparti-
cles in comparison with the bulk counterparts, and showed
the possibility of an evolution of the alloy nanoparticles in
such a way that the outer shell Pt atoms migrate into the
inner shell when temperature increases, which is qualitatively
consistent with the XRD analysis results. Although the com-
putational results agree with the experimental observation,
a further investigation is needed to determine how the results
correlate with the particle homogeneity.

(39) Xiao, L.; Wang, L. J. Phys. Chem. A 2004, 108, 8605.

(40) Xiao, L.; Wang, L. Chem. Phys. Lett. 2004, 392, 452.

(41) Xiao, L.; Tollberg, B.; Hu, X.; Wang, L. J. Chem. Phys. 2006, 124,
114309.

(42) Ge, Q.; Song, C.; Wang, L. Comput. Mater. Sci. 2006, 35, 247.

(43) Sadek, M. M.; Wang, L. J.Phys. Chem. A 2006, 110, 14036.

(44) Song, C.; Ge, Q.; Wang, L. J. Phys. Chem. B 2005, 109, 22341.

3. Nanocrystal Surface Composition. The relative change
of Au and Pt distribution on the nanoparticle surface as a
function of the treatment temperature was assessed by deter-
mining the relative surface composition using XPS.*4¢
Figure 7 shows the XPS spectra in the Pt 4f and Au 4f region
comparing samples annealed at 400 (a) and 800 °C (b), and
the peak values are shown in Table 1. For Sample-A series,
the Pt 4f;,, and Pt 4f5,, bands were observed at 71.90 and
75.25 eV for 400 °C, and 71.75 and 75.10 eV at 800 °C,
respectively. The Au 4f7, and Au 4f5), bands were observed
at 84.45 and 88.10 eV for 400 °C, and 84.53 and 88.30 eV
at 800 °C, respectively. Similar results were obtained for
Sample-B series annealed at 400 and 800 °C. On the basis of
surface composition analysis, Au,;Pt;3 (400 °C) and
AusoPty; (800 °C) were obtained for Sample-A series, and
AusgPtgg (400 °C) and AuysPtss (800 °C) were obtained for
Sample-B series.

While the presence of Auin Pt increases the lattice distance
of Pt, the higher electronegativity of Au (2.54) than Pt (2.20)
could cause a partial charge transfer from Pt to Au. This
expectation was supported by high-resolution XPS data
showing binding energy (BE) of Au 4f;, at 83.32 eV for
Au/Pt and 83.87 eV for bulk-like Au samples,*’ and
consequently an increase of the d-orbital vacancy in the
AuPt.*" In Table 1, the BE values and the atomic ratios of
Au and Pt (based on 4f peaks) for AuPt/C samples
treated at 400 and 800 °C are compared. Indeed, a subtle
increase of the Au 4f peak from 400 to 800 °C by 0.1—
0.2 eV was found for Sample-A series (a). In this case, the
Pt/Au ratio was decreased by a factor of 4. In com-
parison, a smaller change was found for the Au 4f peak
from 400 to 800 °C for Sample-B series (b), and the Pt/Au
ratio was decreased by a smaller factor (1.6). Similarly, a
smaller change was found for the Au 4f peak from 400 to
800 °C for AuygPts;/C, and the Pt/Au ratio was decreased by

(45) Surface Analysis: The Principal Techniques; Vickerman, 1., Gilmore,
S., Eds.; Wiley: Chichester, U.K., 2007; p 43.

(46) Jablonski, A.; Tougaard, S. Surf. Interface Anal. 1998, 26, 17.

(47) Berg, C.; Venvik, H. J.; Strisland, F.; Ramstad, A.; Borg, A. Surf.
Sci. 1998, 409, 1.
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Figure 5. Deconvolution (two-peak model) results for XRD patterns (in the left, obtained from Figure 3) and lattice parameters (in the right) of catalysts
treated at different temperatures for Sample-A (A), Sample-B (B), and Sample-C series (C). (In the right graphs, the upper and bottom dotted horizontal
lines represent the values of lattice parameters for Au/C and Pt/C obtained from Figure 4, respectively).

asmaller factor (1.2). For Sample-C series, the Pt 47, and Pt
4fs)> bands were observed at 71.90 and 75.20 eV for 400 °C,
and 71.75 and 75.05 eV at 800 °C, respectively. The Au 47,
and Au 45, bands were observed at 84.50 and 88 20 eV for
400 °C, and 84.30 and 88.05 eV at 800 °C respectively. A
smaller change was found for the Au 4f peak from 400 to
800 °C for AuyyPts;/C, though the Pt/Au ratio was decreased

by a smaller factor (1.2) in sample-C series as for sample B
catalyst.

It is known that the penetration depth for XPS measure-
ments is typically in the range of a few nanometers. How-
ever, there is an electron attenuation or depth profiling.
Thus, XPS data can infer the structure of the nanoparticle
surface. The way we approached this issue in our work was
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Figure 7. XPS spectra comparing catalysts after different thermal treatment temperatures: Sample-A (A), -B (B), and -C (C) series treated at 400 (a) and
800 °C (b). Insets: comparison of XPS-determined Au% (red) and the Au% calculated (green) based on idealized Pt (core)/Au (shell) nanoparticle
(egs 1—2). (The standard deviation in the y-axis is indicated on top of the bar).

Table 1. Comparison of Binding Energy Values (in ¢V) and Atomic Ratios for Sample-A and -B Series”

from Sample-A series from Sample-B series
XPS bands 400 °C (BE) Pt/Au ratio 800 °C (BE) Pt/Au ratio 400 °C (BE) Pt/Au ratio 800 °C (BE) Pt/Au ratio

Au 4f5), 88.10 2.85 88.30 0.71 88.08 1.93 88.08 1.21
Au 4f;), 84.45 84.53 84.40 84.40
Pt 4f5) 75.25 75.10 75.05 74.90
Pt 4f; 71.90 71.75 71.75 71.65

“The standard deviation is £0.05 eV for binding energy value, and 40.05 for the ratio.

2-fold. One involved XPS measurement of the relative attenuation length. The attenuation length depends strongly
changes of the two metal components as a function of on the kinetic energy of the photoelectrons and also on the
temperature. The other was to apply electron attenuation density of the medium because of the attenuation of the
theory to model the relative changes of the two metal photoelectrons as they traverse the core and the shell (the
components and compare them with the experimental data. density of Au (0.096 mol/cm?) obtained from bulk density
The relative change of the Au/Pt atomic ratio was modeled of Au (18.9 g/em?), and density of Pt (0.110 mol/cm®) from
based on an ideal Pt(core)/Au(shell) nanoparticle consider- bulk density of Pt (21.4 g/cm?)). The intensity of a photo-
ing the electron attenuation effect.*** The composition electron peak for a spherical cluster is given by

derived from XPS depends on the core—shell structural

arrangement because of the attenuation of photoelectrons S = m13{x2 +[(2x+ 1)6_2'” —1]/2} (1)
escaping from the core and the shell, /= I, exp(—d/A), where

d represents a medium with a finite thickness d, and A is the where x = r/A (r, particle radius). The calculation of the

intensity of the concentric gold shell involves considering the
radius of core—shell particle and core separately, and then

(48) Tunc, L.; Suzer, S.; Correa-Duarte, M. A.; Liz-Marzan, L. M. J.
Phys. Chem. B 2005, 109, 7597.

(49) Yang, D. Q.; Gillet, J.-N.; Meunier, M.; Sacher, E. J. Appl. Phys. (50) Practical surface Analysis: Auger and X-ray Photoelectron Spec-
2005, 97, 024303. troscopy; Briggs, D., Seah M. P., Eds.; Wiley: Chichester, U.K., 1990.
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taking their difference. For Pt core, the calculation involves
a simple attenuation factor through the shell

S(core) = e~ /s
X A {2+ [2x+ De > =1]/2}  (2)

where d is the thickness of gold shell, and Ac and A are the
attenuation lengths of core and shell, respectively (attenua-
tion lengths for Pt 4f peak in Pt and Au 4f peak in Au are
given as 0.9 and 1.7 nm).>' The ratio of S(Au)/S(Pt) was
calculated from the peak intensity in XPS spectra. Under the
assumption of a core—shell structure, the radius of Pt core
and the thickness of Au shell were estimated, and the results
are shown in insets of Figure 7. For Sample-A (Figure 7A),
the trend of the increase in Au% with temperature indicates
that the surface treated at 800 °C is enriched with a Au shell
in comparison with that treated at 400 °C. In this case, a Pt-
rich core with Au shell structure is believed to be predomi-
nant for the 800 °C treated sample, which is consistent with
partial phase segregation revealed by the XRD data. For
Sample-B series, there is a surface enrichment of Au at
800 °C in comparison with that treated at 400 °C
(Figure 7B). The degree of the surface Au enrichment is less
significant than that for Sample-A series. In this case, a partial
coverage of the Pt phase by the Au phase is likely for the
800 °C treated sample which is partially phase segregated. Itis
evident that the longer time of thermal treatment under
oxygen was more favorable for the Pt alloy core—Au shell
formation than the shorter duration. The results for sample-
C series (Figure 7C) were found to be quite similar to the case
for Sample-B series. The surface composition analysis re-
vealed the ratio of Au/Pt as 38:68 for 400 °C and 41:59 for
800 °C. Note that the BE values for Sample-B series were
found to be quite close to those for Sample-C series.

In comparison with the findings from XRD characteriza-
tion, the above modeling based on XPS results provided
additional insights into the relative surface-enrichment for
partial phase segregation for the high temperature treated
samples. It is concluded that upon the treatment at 800 °C,
Sample-A consists of a Pt-rich alloy core and a Au shell
whereas Sample-B and -C consist of a Pt-rich alloy core with
phase-segregated Au domains enriched on the surface. This
conclusion is further supported by the electrochemical and
electrocatalytic data described below.

4. Electrocatalytic Activity for Oxygen Reduction Re-
action. The evolution of the relative surface composition
of Pt and Au in the AuPt nanoparticles as a function of tem-
perature was further substantiated by cyclic voltammetric
analysis of electrochemical active area (ECA) associated with
the hydrogen adsorption/desorption characteristics on sur-
face Pt sites of the catalysts on glassy carbon electrode
(Figure 8). For Sample-A series treated at 300—800 °C
(Figure 8A), there is a clear trend of decrease of the hydrogen
adsorption/desorption peaks in the 0.0—0.3 V region as the
treatment temperature is increased. The adsorption/desorption

(51) Kaye, G. W. C.; Laby T. H. Tables of Physical and Chemical
Constants; U.K. NPL Management Ltd: Teddington, U.K.2009;
Chapter 4.5.2.
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Figure 8. CV curves for catalysts from Sample-A series (A), -B series (B),
and -C series (C treated at 400 (a), 500 (b), 600 (c), 700 (d), and 800 °C (e))
(Glassy carbon electrode (0.196 cm?); 0.5 M H,SOy; catalyst loading:
10 ug; scan rate: 50 mV/s).

peaks characteristic of (100) (at ~0.20 V) and defects/
steps (at ~0.10 V),>* decrease with increasing tempera-
ture. The complete disappearance of the peaks for 800 °C
is indicative of the absence of Pt on the surface. The peak
features for Sample-B series (Figure 8B) showed a similar
trend as a function of temperature. However, the peak
features characteristic of (100) (at ~0.23 V) and defects/
steps (at ~0.12 V) are more pronounced, and are still
detectable for 800 °C, indicative of the presence of Pt on
the surface. The peak features for Sample-C series
(Figure 8C) are quite similar to those for Sample-B series.

The experimentally determined ECA values were also
compared with that for Pt/C catalyst>>*>* which provided
an assessment of the Pt-specific active surface area on the
AuPt/C catalysts treated under different temperatures.
As shown in Table 2 for the Pt-specific surface arca
obtained by normalizing the ECA values against the
ECA value of Pt/C catalyst (see also the Supporting
Information, Figure S4 and Table S1), it was found to
decrease as the temperature increases. This finding is
suggestive of significant temperature dependence for the
relative Pt- or Au-enrichment on the surface. In contrast
to Sample-A series where Au-surface enrichment oc-
curred at a temperature above 400 °C and the surface Pt
% approached zero at 800 °C, Sample-B series showed
Au-surface enrichment at a higher temperature (~600 °C).
There is a small but detectable surface Pt% at 800 °C for
Sample-B series. For Sample-C series, the surface area—
size correlation appears to fall in between Sample-A
and Sample-B series, but it closely resembles that for
Sample-B series. The above findings are consistent with
the conclusions from both XRD and XPS characteri-
zations described in the previous subsections. Another
important finding is that the Pt-specific surface area was
found to be larger than that for Pt/C with similar particle

(52) Tsou, Y. M.; Cao,Castro, D. C. In Catalysts for Oxygen Electro-
reduction-Recent Developments and new Directions; He, T., Ed.;
Transworld Research Network: India, 2009; p 23.

(53) Fang, B.; Luo, J.; Njoki, P. N.; Loukrakpam, R.; Mott, D.;
Wanjala, B.; Hu, X.; Zhong, C. J. Electrochem. Commun. 2009,
11,1139.

(54) Fang, B.; Luo, J.; Njoki, P. N.; Loukrakpam, R.; Wanjala, B.;
Hong, J., Yin; J., Hu; X, Last, J.; Zhong, C. J. Electrochim. Acta
2010 (in press).
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Table 2. Pt-Specific Active Surface Areas of AuPt/C Catalysts That Are
Normalized by That for Pt/C Catalyst>>>*

treatment temperature (°C)¢
sample series 300 400 500 600 700 800

A (AupPtg/C) 23 1.5 1.4 1.4 0.2 0.1
B (AuxnPty/C) 2.4 42 2.9 1.9 1.5 1
3. 25 1.7

2
C (AU49Pt5]/C) 1 33 1.9

“Note: The thermal treatments: first treatment at 280 °C under 20%
O, for 60 min for Sample-A series and for 30 min for sample-B and -C
series, before further treatment at 300—800 °C under 15% H, for 2 h.

sizes by a factor of 2—4 for some of the bimetallic catalysts
treated at low temperatures, which is shown in the Support-
ing Information, Figure S4 and Table S1. The ECA values
for some of the AuPt/C catalysts are larger than the theore-
tical value (e.g., 70 m?/gp, for 3-nm particles® and for Pt/C
and other alloy nanoparticle catalysts reported in our own
earlier work™>%). Note that a similar phenomenon was
recently reported for a catalyst with a structure of Au core
and Pt shell synthesized by a successive reduction method.*
The results are suggestive of the possibility of a highly
effective Pt-specific surface exposure for our carbon-
supported AuPt nanoparticles. While further experiments
are needed to determine the exact origin of this fact, we have
considered three possible scenarios. The first is the possible
contribution of electrical double layer charging or early
hydrogen evolution currents to the total current in the Hypq
region. However, our calculations and control experiments
indicated that this contribution would not be sufficient to
account for the larger charges observed. The second is a
possible large loading of catalysts on the electrode surface.
However, our careful and multiple repeating experimental
examinations of the metal loading and the results ruled out
this possibility. Third, it is possible that there is the presence
of much smaller sized Pt-rich particles (e.g., <0.5 nm) on the
surface of the 3—4 nm particles or the carbon support which
could increase Pt-specific surface area dramatically. Cur-
rently, we do not have evidence to support this possibility,
but we are designing a systematic measurement to address
this possibility.

RDE measurements were performed to assess the electro-
catalytic activities of these catalysts for oxygen reduction
reaction. As shown in Figure 9 comparing the RDE curves
for catalysts with different compositions or phase structures,
there are clear differences of the reduction currents in the
kinetic region (0.8—0.9 V vs NHE). These differences de-
monstrated that both the bimetallic composition and the
phase structures had profound effects on the electrocatalytic
activity. To quantitatively assess the correlation between the
nanoscale phase structures and the catalytic activity, the
mass activity data were extracted from the kinetic currents of
the RDE curves in the potential region of 0.8—0.9 V (Figure
10). It is evident that the mass activity depends on both
thermal treatment temperature and condition. The data for
Sample-A and -B series showed an increase of mass activity
to a maximum at 400 °C and further decrease with increasing
temperature. The decrease of the activity with temperature is

(55) Joo, S. H.; Kwon, K.; You, D. J.; Pak, C.; Chang, H.; Kim, J. M.
Electrochim. Acta 2009, 54, 5746.
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Figure 9. RDE curves for ORR for Samples-A (A), -B (B), and -C (C)
series (normalized for comparison) treated at 400 (a), 600 (b), and 800 °C
(¢)). (Glassy carbon electrode (0.196 cm?); 0.5 M H,SO, saturated with
O,; catalyst loading: 10 ug; scan rate: 10 mV/s; speed: 1600 rpm).
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Figure 10. Plots of mass activity at 0.858 V as a function of thermal
treatment temperature for samples -A (A), -B (B), and -C series (C). (The
size of symbols represents the standard deviation in the y-axis).

consistent with the findings of the increased phase segrega-
tion and the Pt core—Au shell formation. At any specific
temperature
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Figure 11. RDE curves for samples of Au,sPt;s/C catalysts with different
thermal treatment time lengths (15 (a), 30 (b), and 60 min (c)) under O,
(Glassy carbon electrode (0.196 cm?); 0.5 M H,SOy saturated with Oy;
catalyst loading: 10 ug; scan rate: 10 mV/s; speed: 1600 rpm). (Inset: Bar
charts comparing mass activity (MA) and specific activity (SA) for the
different thermal treatment time lengths).

Sample-B series display a higher activity than Sample-A
series by a factor of 2—3. This difference is believed to reflect
the surface Au-enrichment effect on activity as a result of the
difference in the thermal treatment conditions, as revealed
by both XRD and XPS data. Note the difference in terms of
time durations used for the organic shell removal under
oxygen, and the difference in carbon burning temperatures
for the two treatment conditions as observed by TGA.
Moreover, the temperature for the maximum activity was
also found to depend on the bimetallic composition, as
supported by the observations of a maximum activity at
400 °C for Sample-A and -B series and a maximum activity
at 600—700 °C for Sample-C series. A combination of lattice
parameter and surface structural effects as a result of the
differences in composition and treatment conditions is
believed to be operative. Recent studies of AuPt thin films>
showed that there is a stronger Pt—O binding energy for
Au-rich alloys as compared with Pt-rich alloys. This study’
and one of our earlier studies'® also revealed that the shift of
the d-band center of the Pt atoms as a result of the presence
of Au in close proximity to Pt atoms led to stronger bonds
with CO- and O-containing species at the surface of the
catalysts. The observed differences between Sample-A and
-B series and between Sample-B and -C series indicate that
there exists an optimized surface structure with an appro-
priate Pt—O bonding strength for achieving the enhanced
electrocatalytic activity.

To confirm the possible surface structural effect as a
result of the difference in the thermal treatment condi-
tion, another catalyst with the composition of Au,sPt;5/C
was treated at 400 °C under hydrogen, but different time
lengths for the organic shell removal under oxygen gas,
15, 30, and 60 min (Figure 11) using the same temperature
ramp as described in the Experimental Section. The Pt-
specific active surface area normalized against that of Pt/
C was found to exhibit a subtle increase (2.1 (60 min), 2.7
(30 min), and 2.4 (15 min)). Note that the difference of the
particle sizes was found to be small for these three samples
(44 £ 05,44 +£0.7, and 4.9 + 0.7 nm). Again, ECA
values larger than the theoretical values were observed,
which is similar to the ECA results determined from
Figure 8 as discussed earlier.
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The finding is likely suggestive of the surface Au
enrichment as a result of the increased time for the
thermal treatment under oxygen. The mass activity and
specific activity were found to yield 0.26 A/mgp, and
0.18 mA/cm? (60 min), 0.55 A/mgp, and 0.30 mA /cm?
(30 min), and 0.54 A/mgp, and 0.34 mA/cm” (15 min),
respectively. This finding clearly shows that both mass
activity and specific activity increase with the decrease in
the treatment time length for the thermal treatment under
oxygen. This dependence is significant especially for the
specific activity, which is believed to reflect a possible
surface Au enrichment during the prolonged thermal
treatment under oxygen, which involves a surface reac-
tion of the capping species with oxygen and a subsequent
Au-enrichment because of its lower surface free energy
than that for Pt. XRD characterizations of the 15- and
30-min treated samples were found to exhibit single phase
alloy character whereas the 60-min treated sample
showed a partial phase segregation with an enrichment
of Audomains on the surface. It further demonstrates the
possibility of manipulating the thermal treatment tem-
peratures and conditions for producing a significant
effect of the surface metal-enrichment on the electroca-
talytic activity.

Conclusions

In this work, the findings from the XPS and XRD
characterizations have provided important information
for us to pin down the changes of the alloying and phase
segregation structures as a function of the thermal treat-
ment temperature. In contrast to the largely alloyed
character for the catalysts treated at 300—400 °C, the
higher-temperature treated catalysts (e.g., 800 °C) are
shown to consist of a Pt-rich alloy core and a Au shell
or phase-segregated Au domains enriched on the surface.
The electrochemical and electrocatalytic activities are
highly dependent on the nanoscale evolution of alloying
and phase segregation. In all these cases, the interaction
remains between Au and Pt in the nanoparticles through
either alloying bonding or phase boundaries. The ques-
tion whether the particle completely phase segregated
into monometallic Pt and Au particles at the high tem-
peratures where the interaction between Au and Pt does
not remain has been further addressed by the measure-
ment of the Pt-specific active surface area. If the particle
completely phase segregated into monometallic Pt and
Au particles, the Pt-specific active surface area should be
significant according to the bimetallic composition and
the observed particle sizes determined. This assumption
was, however, in contradiction to the experimental ob-
servation of an insignificant Pt-specific active surface area
for the high temperature-treated catalysts. Therefore, the
partially phase-segregated particles either exhibit a Pt-rich
alloy core—Au shell structure, or a Pt-rich alloy core
which is partially covered by phase-segregated Au do-
mains as illustrated in Scheme 1. This conclusion is
consistent not only with the fact that Au has a lower
surface free energy than Pt but also with theoretical
results including the DFT computation for small AuPt
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clusters as shown in this work, and the earlier molecular
dynamics simulations for AuPt nanoparticles of various
sizes.®

Taken together, the experimental and theoretical re-
sults have led to new insights into the control of the
nanoscale alloying, phase-segregation, and core—shell
evolution of the AuPt nanoparticles of different composi-
tion. The demonstration of the unprecedented controll-
ability of the alloying and partial, complete, or core—shell
phase segregation of this nanoscale bimetallic system by a
combination of bimetallic composition, size, thermal
treatment temperature and duration provided an intri-
guing example for establishing the correlation between
the nanoscale phase structures and the electrocatalytic
activity for oxygen reduction reaction. These findings
have constituted the basis for our expanded investigations
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into other bimetallic or trimetallic nanoparticles and
catalyst systems. The results are expected to have pro-
found implications to developing advanced strategies for
the design and nanoengineering of nanostructured multi-
metallic catalysts for a wide variety of catalytic reactions.
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