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ABSTRACT Controlling the morphology of Pt-based nanomater-
ials can be an effective way to improve the catalytic activity on a

— PH/C at RT
— AgPd@PYC at RT

mass basis. Herein we demonstrate for the first time the synthesis of
monodispersed core—shell AgPd@Pt nanoparticles with multiply
twinned structures. These multiply twinned particles (MTPs), which
possess the icosahedra structure, exhibit superior catalytic activity
toward oxygen reduction reaction (ORR) in fuel cells. The Ag
component of the alloy AgPd inner core is crucial for the construction

of the multiply twinned structure of the core—shell nanoparticles,
while the Pd component is used to reduce the tensile strain effect of the Ag on the deposited Pt layers, rendering the Pt binding energy in core—shell
AgPd@Pt MTPs to be close to that of commercial Pt nanoparticles. The enhanced ORR activity of AgPd@Pt/C can be explained in terms of a much higher
surface fraction of atoms on the (111) facets for icosahedral MTPs. This core—shell structure offers an interesting example to investigate the morphology

and lateral strain effect of the substrate on the deposited layers, and their influence on the catalytic activity of metal catalysts.
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he synthesis of nanostructured ma-
Tterials with superior catalytic perfor-

mance is of great interest.' * The size-
and shape-dependent properties of nanopar-
ticles are well-known and have been explo-
ited in various applications.>* Nanoparticles
could be prepared as single crystals or
particles with controlled multiply twinned
structures and well-defined crystallographic
faces, allowing for the tuning of catalytic
activities.™® Platinum (Pt) nanoparticles
with controlled morphologies, such as tetra-
hedral," cubic,”>~"" truncated octahedral® and
high-index tetra-hexahedrons,® have been
demonstrated as highly active catalysts
for various reactions. Icosahedral nano-
particles with a high density of compressed
twins on the surfaces are expected to be the
most active catalysts.'? The excellent activ-
ity of the multiply twinned particles (MTPs)
of Pt with (111) facet of icosahedral mor-
phology with a high density of twins and
corners on their surface was also verified
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computationally.'® However, unlike palla-
dium (Pd),'? silver (Ag),* and gold (Au),"*
MTPs of Pt were rarely formed."”

Fuel cells, such as polymer electrolyte
membrane fuel cells (PEMFCs), are promis-
ing as a power source in stationary and
portable applications. However, the high
costs associated with the Pt catalyst loading
in the cathode have hampered the com-
mercialization of PEMFCs.'®'” The chal-
lenge lies with the slow kinetics of the
oxygen reduction reaction (ORR), which
requires a significant amount of Pt catalysts
for high catalytic performance.'®2° A num-
ber of approaches/techniques have been
developed to resolve these critical issues
for improving the performance of Pt-based
electrocatalysts for ORR in PEMFCs. The
most common practice is to prepare Pt-
based electrocatalysts with a hollow interior
or porous nanostructure,®’ ~3' which have
been demonstrated to have higher ORR
activities than pure Pt particles. Recently,
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Scheme 1. Seed-mediated growth synthesis of nanocrystalline MTPs of (A) AgPd@Pt, (B) AgPd, and (C) Ag@Pt, with

icosahedral morphology.

enhanced ORR catalytic activity has also been achieved
by Pt-on-Pd heteronanostructures or nanodendrites.'”?°
The synthesis of such electrocatalysts starts with
the preparation of Pd cores through wet chemistry.
Pt nanoparticles are grown subsequently onto
the Pd cores. Although these nanostructures have
displayed excellent catalytic properties, the lack
of strategies to maintain their complex structures
after long-term use has limited their commercial
applications.

To enhance the catalytic activities while reducing Pt
loading, core—shell materials with different shapes/
morphologies may be applied toward ORR. They could
be prepared by ultrahigh vacuum (UHV) approaches®?
or via chemical syntheses (e.g., surface metal galvanic
displacement,'>**3* surface metal depletion glid-
ing,35’36 and seed-mediated growth37—4°). For exam-
ple, Sun and co-workers prepared core—shell Pd@FePt
nanoparticles with a 5-nm Pd core and a FePt shell of
tunable thickness (1—3 nm), and found that the FePt
shell of 1 nm-thick exhibited significantly higher dur-
ability and ORR activity.>® Herein, we reported for the
first time the synthesis of monodispersed core—
shell AgPd@Pt MTPs with icosahedral morphology
(Scheme 1A), and investigated their application in
catalyzing ORR at room and moderate temperatures.
In this method, oleylamine was used as solvent,
reducing agent, and stabilizer for the formation of
nanoparticles. The Ag component of the AgPd alloy
inner core was crucial for the construction of the
multiply twinned structure of the core—shell nano-
particles, while the Pd component was employed to
reduce the tensile strain effect of the Ag on the
deposited Pt layers. The core—shell AgPd@Pt MTPs
exhibited superior catalytic activity toward ORR, as
compared to the commercial Pt nanoparticles. The
enhancement was attributed to the higher surface
fraction of atoms on the (111) facets of icosahedral Pt
MTPs.
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RESULTS AND DISCUSSION

In the first step, a simple one-pot method was
employed to synthesize Ag nanoparticles. A transmis-
sion electron microscopy (TEM) image of Ag nanopar-
ticles synthesized at 160 °C in the oleylamine solution
containing 26 mM AgNOs is shown in Figure 1A. The
nanoparticles have an average diameter of ~7.0 nm.
The high-resolution TEM (HRTEM) image illustrated
that the Ag nanoparticles were multiply twinned with
an icosahedral morphology.'**'*? These Ag MTPs
were then used as seeds for the formation of core—
shell nanoparticles.

To prepare AgPd@Pt MTPs, PdCl, and Pt(acac), were
immediately added to Ag colloidal solution, which was
kept at 250 °C for 1 h under a nitrogen flow with
magnetic stirring. Upon the addition of Pd(ll) and Pt(ll)
salts, the replacement reaction between Ag nanopar-
ticles and Pd(ll) occurred immediately to form AgPd
alloy nanoparticles, analogous to the formation of
AgAu or AgPd alloy nanoparticles by replacement
reaction between Ag nanoparticles and Au or Pd metal
jons in aqueous solution.** The alloying process was
realized by the rapid interdiffusion of metal atoms as a
result of the reduced dimension of the silver templates,
the elevated temperature, and the large number
of interfacial vacancy defects generated by the re-
placement reaction. Besides the replacement reaction
between Ag and Pd, the extra Ag (l) and Pd (ll) species
would be reduced by oleylamine at a high temperature
(250 °C). The subsequent reduction of Pt(ll) precursors
resulted in the homogeneous deposition of Pt on the
preformed AgPd alloy nanoparticles. The as-prepared
colloidal solution was then cooled to room tempera-
ture, and the nanoparticles were precipitated, washed
with methanol, and redispersed in nonpolar organic
solvents (e.g., toluene, hexane, and chloroform). The
Ag:Pd:Pt molar ratio in the final product AgPd@Pt/C
was very close to the precursor molar ratio used, as
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Figure 2. (A) TEM and (B) HRTEM images of icosahedral core—shell AgPd@Pt nanoparticles. HRTEM images of AgPd@Pt MTP
along a (C) 2-fold, (D) 3-fold, and (E) 5-fold symmetry axis; (F) HAADF-STEM image; (G) EDX spectrum of a single AgPd@Pt MTP
boxed in (F); (H) Ag, Pd and Pt elemental profiles along the red line across the MTP (inset of H).

confirmed by ICP—MS results (see Supporting Informa- The nanoparticles were nearly monodispersed, with
tion (SI) Table S1). A typical TEM image of the core— an average size of ~15 nm. The narrow size distribu-
shell AgPd@Pt nanoparticles is shown in Figure 2A. tion of nanoparticles resulted in the formation of
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Figure 3. (A) TEM, (B) HRTEM, and (C) HAADF-STEM images of AgPd nanoparticles; (D) Ag and Pd elemental profiles along the

red line across the AgPd nanoparticle shown in panel C.

two-dimensional close-packed hexagonal arrays on
the TEM grid. The core—shell AgPd@Pt nanoparticles
were predominantly multiply twinned with an icosa-
hedral morphology, as illustrated by the HRTEM image
(Figure 2B and Sl Figure S1). They were found in
different orientations (along a 2-fold symmetry axis in
Figure 2C, along a 3-fold symmetry axis in Figure 2D,
and along a 5-fold symmetry axis in Figure 2E).'*4142
The energy dispersive X-ray (EDX) spectroscopy anal-
ysis (Figure 2G) of an arbitrary single particle boxed in
the high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) image of
Figure 2F confirmed that the particle was indeed
composed of Ag, Pd, and Pt. Since the lattice mismatch
between the AgPd alloy core and the Pt shell was only
~1.1% (as calculated from the X-ray diffraction (XRD)
patterns in Sl Figure 52),** the core—shell nanoparticles
were difficult to determine accurately using standard
TEM. However, the formation of core—shell AgPd@Pt
nanoparticles could be confirmed by the elemental
profiles of these particles. As shown in Figure 2H and S|
Figure S3, the Pt signal was noted across the entire
particle (~15 nm), whereas the Ag and Pd signals were
obtained only across the core (~10 nm).

Pt 4f X-ray photoelectron spectroscopy (XPS) was
conducted on the core—shell AgPd@Pt/C nanoparticles
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(SI Figure S4), and the results of peak deconvolu-
tion are summarized in Sl Table S2. Figure S4a shows
the Pt 4f region of the Pt/C spectrum, which could be
deconvoluted into two pairs of doublets. The most
intense doublet (at 71.00 and 74.38 eV) was char-
acteristic of metallic Pt. The second and weaker
doublet (at 72.30 and 75.63 eV) could be assigned
to Pt in oxidized forms, such as PtO and Pt(OH),.
Similarly, the Pt 4f region of the AgPd@Pt spectrum
(Figure S4C) could be deconvoluted into a doublet at
71.12and 74.43 eV assignable to Pt (0), and a doublet
at 72.36 and 75.75 eV due to Pt oxide. The zeroval-
ent metallic state of Pt featured prominently in
AgPd@Pt/C (76.5%) and in Pt/C (77.8%). A slight shift
in the Pt binding energy was observed in AgPd@Pt
as compared with Pt/C, which might be attributed
to the larger particle size of core—shell AgPd@Pt
nanoparticles. It was also noted that Pt (2.28) has a
slightly higher electronegativity than Ag (1.93) and
Pd (2.20), and hence Pt could, in principle, withdraw
electrons from the neighboring Pd atoms in core—
shell AgPd@Pt/C. This effect would result in a shifting
of the binding energies. In addition, the shift in Pt
binding energy might also be caused by the slight
strain effect imposed by the alloy AgPd core on the
Pt shell.*
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Figure 4. (A) TEM, (B) HRTEM, and (C) HAADF-STEM images of Ag@Pt nanoparticles; (D) Ag and Pt elemental profiles along the

red line across the Ag@Pt nanoparticle shown in panel C.

The addition of Pd(ll) alone or Pt(ll) alone to icosahe-
dral Ag seeds was also investigated (Scheme 1B,C). This
resulted in AgPd alloy nanoparticles of ~10 nm (Figure 3)
or core—shell Ag@Pt nanoparticles of ~12 nm (Figure 4),
respectively. The AgPd alloy and core—shell Ag@Pt
nanoparticles were predominantly multiply twinned
with an icosahedral morphology, as illustrated by the
HRTEM image (Figures 3B and 4B). The AgPd alloy
(Figure 3C,D) and core—shell Ag@Pt (Figure 4CD)
structures were confirmed by EDX analysis of an arbi-
trary single particle boxed in the respective HAADF-
STEM images. The XRD patterns of Ag, AgPd alloy,
core—shell Ag@Pt, core—shell AgPd@Pt, and Pt nano-
particles prepared in oleylamine were presented in Sl
Figure S2. As compared to pure Pt nanoparticles, a shift
to a lower angle was observed for the (111) diffraction
peak of core—shell Ag@Pt (S, Figure S2C). This is because
Ag has larger lattice parameter (0.4090 nm) than that of
Pt (0.3923 nm), and the Ag cores exert a tensile effect on
the Pt atoms deposited on their surface. In contrast, the
(117) diffraction peak of AgPd@Pt was very close to that
of pure Pt, indicating that the presence of Pd in AgPd
cores could reduce the tensile effect induced by Ag on
the Pt layer. Based on the calculation from Figure S2B, the
lattice parameter for the (111) facet of AgPd alloy was
0.3967 nm, very similar to that of pure Pt.

For the electrochemical characterizations, the core—
shell AgPd@Pt nanoparticles were loaded on Vulcan
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XC-72 carbon supports. TEM and HRTEM images of the
AgPd@Pt/C nanoparticles showed that the core—shell
AgPd@Pt nanoparticles were well dispersed on XC-72,
maintaining their particle size, narrow size distribution,
and multiply twinned structure with icosahedral mor-
phology (Figure 5).

The catalytic activity of the core—shell AgPd@Pt
MTPs with icosahedral morphology toward ORR was
evaluated by sweep voltammetry in O,-saturated
HCIO,, and benchmarked against that of the commer-
cial spherical Pt nanoparticles (average diameter,
~3 nm) (Sl Figure S5). Cyclic voltammograms of Pt/C
and AgPd@Pt/C in argon-purged 0.1 M HCIO, at room
temperature were used to obtain electrochemically
active surface areas (ECSAs) from the hydrogen ad-
sorption/desorption regions (0.00—0.30 V vs reversible
hydrogen electrode (RHE) in Figure 6A). In the cathodic
scan, the oxide (OH.qs) stripping peak (0.80 V) for
AgPd@Pt/C was higher than that for Pt/C (0.78 V).
The positive shift of ~0.02 V in the oxide stripping
peak for AgPd@Pt/C suggested a weaker binding of the
OH,gs species on this catalyst's surface.'® This could be
attributed to a weaker interaction with the adsorbed
species on the dominant (111) facets.*® Figure 6B
shows the ORR polarization curves of these two cata-
lysts in oxygen-saturated 0.1 M HCIO, at room tem-
perature and 60 °C. The results are summarized in SI
Table S3.For the pure Pt nanoparticles, the ECSA would
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Figure 5. (A) TEM image and (B) size distribution (in nm) of AgPd@Pt/C catalysts; HRTEM images of a single AgPd@Pt
icosahedral nanoparticle supported on XC-72 carbon along a (C) 2-fold and (D) 5-fold symmetry axis.
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Figure 6. (A) Cyclic voltammograms of Pt/C and AgPd@Pt/C in argon-purged 0.1 M HCIO,; sweep rate = 20 mV/s, room
temperature. (B) Linear sweep voltammograms in oxygen-saturated 0.1 M HCIO, showing the positive-going scans; sweep
rate = 20 mV/s, room temperature or 60 °C, 1600 rpm. (C) Tafel plot for ORR at high potential, normalized by Pt ECSA. (D)
Kinetic mass activities of ORR at 0.85 and 0.90 V RHE, normalized by Pt mass.

decrease with increasing particle size.'® In this work, commercial 3-nm Pt/C was attributed to the core—shell
the slightly smaller ECSA of 15-nm AgPd@Pt/C than the structure of AgPd@Pt nanoparticles with multiply
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twinned icosahedral morphology. At room tempera-
ture, AgPd@Pt/C showed a more positive half-wave
potential (0.88 V) than Pt/C (0.86 V), indicating that it
has a higher ORR activity.

By normalizing the Pt surface area, the specific
activities of AgPd@Pt/C and Pt/C were obtained
(Figure 6C). At room temperature and 0.9 V vs RHE, a
specific activity of 0.357 mA/cm? Pt was attained for
AgPd@Pt, which was >2 times higher than that for Pt/C
(0.160 mA/cm? Pt). Kinetic mass activity calculated
from the Koutecky—Levich equation (Figure 6D) also
confirmed that AgPd@Pt (0.230 mA/ug Pt) was super-
ior to Pt/C (0.113 mA/ug Pt). Furthermore, regardless of
whether Pt surface area or Pt mass was used as the
basis for normalizing the measured current, the spe-
cific activity (0.680 mA/cm? Pt) and mass activity (0.439
mA/ug Pt) of AgPd@Pt/C at 60 °C and 0.90 V were
higher than that of commercial Pt (0.239 mA/cm? Pt
and 0.168 mA/ug Pt, respectively). The former values
were also close to the 2015 targets set by the U.S.
Department of Energy (DoE) at 80 °C and 09 V
(0.72 mA/cm? Pt and 0.44 mA/ug Pt, respectively). Even
on the basis of total mass of Pd and Pt, our AgPd@Pt
catalyst showed greater mass activities at room tem-
perature and 60 °C (0.148 mA/ug Pt+Pd and 0.282 mA/
ug Pt+Pd, respectively) than the commercial Pt cata-
lyst (0.113 mA/ug Pt,and 0.168 mA/ug Pt, respectively).

The catalytic activities of AgPd alloy and core—shell
Ag@Pt nanoparticles toward ORR were found to be
much lower than that of the core—shell AgPd@Pt
nanoparticles (Sl Figure S6). It is well-known that most
Pd-based catalysts are lower in intrinsic ORR activities
than Pt.*”*® Therefore, it was not unexpected that the
AgPd alloy nanoparticles showed a lower activity than
Ag@Pt and AgPd@Pt nanoparticles. For the Ag@Pt
nanoparticles, the tensile effect of Ag core on the Pt
shell would result in an upward shift of the d-band
center of Pt.* It is generally accepted that the common
ORR process, that is, the series 4-electron pathway,
must involve both the breaking of an O—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.>'*?
As has been demonstrated,® the surface of a Pt-based
catalyst with a high value in d-band center tends to
bind adsorbents more strongly, enhancing the kinetics
of dissociation reactions producing these adsorbents.
Compared to the core—shell Ag@Pt nanoparticles, the
core—shell AgPd@Pt nanoparticles showed superior
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.

Classical Koutecky—Levich plots for Pt/C and
AgPd@Pt/C catalysts are shown in Sl Figure S7. These
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plots are presented as i~' vs =2, where the relation-
ship between w (angular frequency of rotation) and f
(frequency in rpm) is given by @ = 27 f/60. The number
of electrons transferred in the first-order reduction
reaction, n, can be obtained from the Koutecky—Levich
equation.>* The Koutecky—Levich plots all yielded
straight lines, from which n values for Pt/C and
AgPd@Pt/C were calculated to be 3.87 and 3.77, re-
spectively (SI Figure S7). This indicated that ORR over
AgPd@Pt/C catalysts occurred by the same 4-electron
reaction pathway as that over Pt.

The enhancement of ORR activity through a shape-
controlled strategy might be understood in terms of a
high surface fraction of atoms on the (111) facets for
the multiply twinned icosahedral structure. Surface
studies have shown that ORR activity increased in the
order of (100) < (110) ~ (111) in perchloric acid for the
three low-index facets of Pt.*®>" It was calculated that
the (111) facets would represent >80% and ~30% of
the total surface for 15-nm AgPd@Pt MTPs with icosa-
hedral structure and 3-nm spherical Pt nanoparticles, '
respectively. The dominance of the (111) facets in
AgPd@Pt MTPs would account for its high ORR activity.
It is well-known that there are various pathways for
ORR, but all ORR involves both the dissociation of the
0—0 bond and the removal of the surface OH groups
as the basic elementary steps, regardless of the de-
tailed mechanisms. The strong adsorption of inter-
mediate OH,4s on the catalyst surface has a negative
impact on the performance of Pt-based catalysts.'34>
Therefore, the enhanced catalytic activity for ORR over
icosahedral nanoparticles could be attributed to the
structure-sensitive adsorption of the intermediate
OH,ys species in the reaction. The (111) facets of the
icosahedral structure has the lowest coverage by
OH,gs, and the weakest Pt—OH,q4s interaction, giving
rise to the highest activities among the three low-index
facets ((111), (110) and (100)).

Furthermore, chronoamperometry of Pt/C and
AgPd@Pt/C at 0.87 V in oxygen-saturated 0.1 M HCIO,
was used to obtain “steady-state” activities after 2 h.
Figure 7 shows that the ORR current density of Pt/C
decreased to ~0.07 mA/cm? after 2 h. In contrast, the
“steady-state” specific activity of AgPd@Pt/C was much
higher (0.17 mA/cm?). Figure 7 also shows that the rate
of decrease in ORR current density was smaller for
AgPd@Pt/C than for Pt/C, indicating the greater stabi-
lity of the MTPs. The (111)-rich icosahedral AgPd@Pt
MTPs were more resistant against deactivation as they
have fewer low-coordination sites that were prone to
oxidation and dissolution.'>® After the chronoamper-
ogram experiment, the nanoparticles maintained their
multiply twinned structure (SI Figure S8).

Thus, this study provided experimental evidence for
enhancing the ORR activity of Pt through morphologi-
cal control. The design of AgPd@Pt MTPs with icosahe-
dral structure could be further optimized in future
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Figure 7. Chronoamperograms of Pt/C and AgPd@Pt/C at 0.87 V RHE in oxygen-saturated 0.1 M HCIO,4; room temperature,
1600 rpm. The inset shows the enlarged graph for the first 100 s.

investigations. For example, decreasing the particle size
could further improve the ORR activity, and reducing the
thickness of Pt shell would provide further cost savings.

CONCLUSION

Monodispersed AgPd@Pt MTPs with icosahedal
structure can be obtained by reducing platinum pre-
cursors in oleylamine in the presence of preformed
AgPd alloy nanoparticles. The Ag component of the
AgPd inner core is critical toward the construction of
the multiply twinned structure of the core—shell nano-
particles. The Pd component acts to effectively reduce

METHODS

Chemicals. Silver nitrate (AgNOs, 99.9%), palladium chloride
(PACl,, 99.9%), platinum(ll) acetylacetonate (Pt(acac),, 97%),
oleylamine (technical grade, 70%), methanol (98%), and toluene
(99%) from Sigma-Aldrich, aqueous HCIO, solution (70%, ACS
reagent), commercial Pt/C catalysts (20 wt % of Pt nanoparticles
(3.2 nm) on Vulcan XC-72 carbon support) from E-TEK, and
Vulcan XC-72 carbon powders (BET surface area = 250 mz/g and
average particle size = 40—50 nm) from Cabot were used as
received. All glassware and Teflon-coated magnetic stir bars
were cleaned with aqua regia, followed by copious rinsing with
deionized water before drying in an oven.

Synthesis of Ag, AgPd Alloy, Core—Shell Ag@Pt, and Core—Shell
AgPd@Pt MTPs. In a typical synthesis of Ag MTPs, a solution of
45 mg of AgNO3 in 10 mL of oleylamine was heated at 160 °Cin
a nitrogen atmosphere under magnetic stirring for 1 h. These Ag
nanoparticles were then used as seeds for the formation of alloy
or core—shell nanoparticles. For the synthesis of AgPd alloy
MTPs, 30 mg of PdCl, was immediately added to the above Ag
MTPs solution, and the mixture was heated at 250 °C for 1 h
under a nitrogen flow with rapid magnetic stirring. For core—
shell Ag@Pt MTPs synthesis, 65 mg Pt(acac), was immediately
added to the Ag seed solution, and the mixture was kept at
250 °C for 1 h under a nitrogen flow with magnetic stirring. For
core—shell AgPd@Pt MTPs synthesis, 30 mg of PdCl, and 65 mg
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the tensile strain effect of Ag on the deposited Pt layers,
rendering the Pt binding energy in the core—shell
AgPd@Pt MTPs to be close to that of commercial Pt
nanoparticles. The multiply twinned AgPd@Pt nano-
particles exhibit superior catalytic activity toward ORR
in fuel cells due to the high surface fraction of Pt atoms
on the (111) facets of icosahedral MTPs. This complex
nanostructure design demonstrates the possibility to
manipulate the morphology and lateral strain effects
of the substrate on the deposited layers, and their
impact on significantly improving the catalytic activity
of metal catalysts.

of Pt(acac), were added immediately to the Ag seed solution,
and the mixture was kept at 250 °C for 1 h in a nitrogen
atmosphere under magnetic stirring. The resulting MTPs were
then cooled to room temperature. The nanoparticles in the
solution were precipitated by methanol, and washed twice with
methanol to remove the free ligands, followed by redispersion
in toluene. For catalyst loading on Vulcan XC-72 carbon support,
40 mg of carbon was added to the solution of MTPs (AgPd,
Ag@Pt, and AgPd@Pt). After 24 h of stirring, MTP/C catalysts
(with 20 wt % Pd loading for AgPd, and 20 wt % Pt loading for
Ag@Pt and for AgPd@Pt) were collected via centrifugation, and
washed three times with methanol. They were then dried at
room temperature in vacuum.

Materials Characterization. The products were characterized by
TEM, HRTEM, and HAADF-STEM (FEI Tecnai G® F20 electron
microscope). Samples for TEM examination were prepared by
putting a droplet of the treated solution on a copper grid coated
with a thin carbon film, and then evaporating the droplet in air
at room temperature. The catalyst composition was determined
in situ by an EDX attachment to the microscope. XRD patterns
were recorded on a Rigaku D/Max-3B diffractometer using Cu
Ko radiation (A = 1.54056 A). XPS spectra were obtained with an
ESCALAB MKII spectrometer (VG Scientific) using Al—Ka radia-
tion (1486.71 eV). Samples for XRD and XPS measurements
were precipitated from a toluene solution of the nanoparticles
using methanol, recovered via centrifugation, and washed with
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methanol several times to remove nonspecifically bonded
oleylamine. The nanoparticles were then dried at room tem-
perature in vacuum.

Electrochemical Measurements. Electrochemical measurements
were conducted in a standard three-electrode cell. Pt gauze and
Ag/AgCl (3 M KCI) were used as the counter electrode and the
reference electrode, respectively. A thin layer of Nafion-impreg-
nated catalyst cast on a vitreous carbon disk was used as the
working electrode. A calculated volume of the catalyst ink
(10 mg of ultrasonically dispersed catalyst in 10 mL of aqueous
solution containing 4 mL of isopropyl alcohol and 0.2 mL of
5 wt % Nafion solution) was dispensed onto a 5-mm glassy
carbon disk electrode to give a nominal catalyst loading of 15 ug
of Pt per cm? of the electrode projection area. All potentials
were converted to the RHE scale, and current densities were
normalized by the projection area of the 5 mm-diameter
electrode. ORR activities were measured in 0.1 M HCIO, electro-
lyte. Positive-going linear sweep voltammograms were recorded
from 1.0 to 0 V at 20 mV/s at room temperature (25 + 2 °C) and
60 °C. Cyclic voltammograms were also recorded between 0 and
1.2 V at 20 mV/s and room temperature in 0.1 M HCIO, for the
measurement of the ECSAs.
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