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ABSTRACT: The ability to direct bimetallic nanoparticles to express
desirable surface composition is a crucial step toward effective heterogeneous
catalysis, sensing, and bionanotechnology applications. Here we report
surface composition tuning of bimetallic Au−Pt electrocatalysts for carbon
monoxide and methanol oxidation reactions. We establish a direct correlation
between the surface composition of Au−Pt nanoparticles and their catalytic
activities. We find that the intrinsic activities of Au−Pt nanoparticles with the
same bulk composition of Au0.5Pt0.5 can be enhanced by orders of magnitude
by simply controlling the surface composition. We attribute this enhance-
ment to the weakened CO binding on Pt in discrete Pt or Pt-rich clusters
surrounded by surface Au atoms. Our finding demonstrates the importance of surface composition control at the nanoscale in
harnessing the true electrocatalytic potential of bimetallic nanoparticles and opens up strategies for the development of highly
active bimetallic nanoparticles for electrochemical energy conversion.

■ INTRODUCTION

Fundamental studies on extended surfaces have shown that the
activity of an electrocatalyst can be described by its surface
electronic structure, which, if properly controlled, can radically
enhance the electrocatalytic activity.1−5 However, realization of
this enhancement in nanomaterials has been challenging
because of the difficulty in controlling surface composition at
the nanoscale. As precise control over surface composition is
critical to obtain the most optimum surface electronic structure
and catalytic activity,1,3,6 mastering the ability to control surface
composition for nanoparticles is a critical step toward
applications in fuel cells based on small molecules of energy
consequence such as methanol and natural gas derivatives.
Toward this end, methods to precisely control surface
chemistry at the nanoscale including selective leaching,2,7

adsorbate-driven segregation,8−12 and multistep synthesis13,14

have been developed. However, a direct correlation between
tailored surface compositions of nanoparticles and their
catalytic activities, particularly in a low pH environment
mimicking a proton-exchanged membrane electrolyte, still
remains elusive due to the fact that only a few metals are
stable in acid and that a very limited number of techniques can
allow quantification of surface compositions of nanoparticles.2,7

In this contribution, we accomplish the surface composition
control by strategically selecting Au−Pt chemistry as both Au
and Pt are stable in acid and can be quantified electrochemically

(vide infra). By tuning the surface composition of Au−Pt
nanoparticles, we establish a direct correlation between surface
compositions and catalytic activities of Au−Pt nanoparticles for
the CO electro-oxidation reaction (COR: CO + H2O→ CO2 +
2H+ + 2e−) and methanol electro-oxidation reaction (MOR:
CH3OH + H2O → CO2 + 6H+ + 6e−). We find that the
intrinsic activities of Au−Pt nanoparticles with a bulk
nanoparticle composition of Au0.5Pt0.5 can be enhanced by at
least an order of magnitude by simply controlling the surface
composition, thereby demonstrating the importance of surface
composition control for energy conversion nanomaterials.
Au−Pt nanoparticles have been the subject of many

electrocatalytic studies such as O2 reduction reaction,15,16

MOR,17,18 and COR.13 In bulk, Au and Pt are immiscible, but
at nanoscale, the two elements can alloy and undergo solid
solutioning.19 In this study, we utilize this phenomenon to
synthesize single-phase Au0.5Pt0.5 nanoparticles. We then
control the Au0.5Pt0.5 nanoparticles to have surface Pt or Au
enrichment by taking advantage of the difference in the surface
free20 and binding energies with various adsorbates between Pt
and Au.21 The degree of surface Pt or Au enrichment is
quantified by element-specific surface electro-adsorption/
desorption via cyclic voltammetry and energy-dispersive
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spectroscopy (EDS) in an aberration-corrected scanning
transmission electron microscope (STEM). We show that Au
enrichment on the surface greatly enhances the intrinsic
activities of the Au−Pt nanoparticles for COR by orders of
magnitude in comparison to commercial Pt and Au nano-
particles. For MOR, Au−Pt nanoparticles with a surface Pt
composition of ∼70 atom % have the maximum MOR activity,
comparable to state-of-the-art Pt-alloy nanoparticle catalysts.
The activity enhancement of Au−Pt nanoparticles in catalyzing
COR and MOR is attributed to the weakening of the CO
binding on Pt following formation of a discrete Pt or Pt-rich
cluster surrounded by Au atoms.

■ EXPERIMENTAL SECTION
Nanoparticle Synthesis and Catalyst Preparation. Amounts of

0.25 mmol of HAuCl4 (Sigma-Alrich) and 0.25 mmol of H2PtCl6
(Sigma-Alrich) were dissolved in 20 mL of oleylamine (Sigma-Alrich)
at 40 °C under an Ar blanket. The solution was evaporated and heat-
treated at 160 °C for 2 h. Afterward, 100 mL of ethanol was added,
and the mixture was centrifuged at 6000 rpm for 10 min. The
sediments were redispersed and ultrasonicated in a mixture of 600 mL
of hexane and ∼320 mg of Vulcan XC-72 (Premetek, USA).
Afterward, the solution-containing supported Au0.5Pt0.5 nanoparticles
were purged with Ar at room temperature and then dried in vacuum
for 24 h. Procedures for sequential loading Au−Pt nanoparticles on
Vulcan carbon (21 wt %) and thermal treatments are detailed in the
Supporting Information.
Scanning Transmission Electron Microscopy-Energy-Disper-

sive X-Ray Spectroscopy (STEM-EDS). A JEOL JEMS2200 STEM
outfitted with a CEOS aberration corrector and a Bruker XFlash 5030
T detector at the Advanced Microscopy Laboratory at the Oak Ridge
National Laboratory was used to form conventional bright and dark
field images, as well as EDX maps as part of the SHaRE user program.
All imaging and spectroscopy was done at 200 KeV. The EDS maps
were formed with acquisition times of ≥20 min utilizing drift
correction and were postprocessed with a smooth algorithm (Bruker
Espirit). The effect of the smoothing algorithm is shown in Supporting
Information Figure S11. We note that the surface composition as
evaluated by STEM-EDS does not precisely match with the result from
CV; this is likely a result of the resolution limit of STEM-EDS, which
was estimated to be ∼0.5 nm, approximately twice the distance
between two (111) planes.22 An additional STEM-EDS image is
included in the Supporting Information.
Electrochemical Characterization. The thin-film rotating disk

electrode for the Au0.5Pt0.5 nanoparticle study was a drop cast from a
solution containing the catalyst and an appropriate amount of Nafion
(ion power) with a final composition of 18 μgAu+Pt cm

−2
disk, 68 μgVulcan

cm−2
disk, and 38 μgNafion cm

−2
disk. Electrochemical measurements were

conducted with a rotating-disk electrode using a bipotentiostat (Pine).
The electrolyte was prepared using a dilution of either H2SO4 (Fluka)
or HClO4 (GFS Chemicals) using Milli-Q water (18 MΩ·cm). The
potential range for both COR and MOR studies was restricted
between 0.05 and 1.1 V vs RHE. Error bars represent standard
deviations from at least three independent measurements.

■ RESULTS AND DISCUSSION
Tuning the Surface Composition of Au0.5Pt0.5 Nano-

particles. We synthesized four different Au0.5Pt0.5 nano-
particles with surface atomic compositions ranging from ∼90
to ∼10 atom % Pt (Figure 1). First, Au0.5Pt0.5 nanoparticles
were synthesized by a colloidal route as demonstrated
previously,23 which yielded AuPt particles with Pt-enriched
surface and a nominal bulk composition of Au0.5Pt0.5, as
revealed by inductive plasma coupling. We then induced surface
Au enrichment using the fact that Au has a lower surface energy
than Pt20,24 by heat-treating as-synthesized Au0.5Pt0.5 nano-
particles supported on carbon (21 wt. % Au0.5Pt0.5/C) in Ar at

500 °C (Figure 1a and 1b), during which an average particle
size grew from ∼6 to ∼8 nm (Supporting Information, Figure
S1) and no phase separation was detected by XRD (Supporting
Information, Figure S2). The surface composition change from
Pt-rich to Au-rich was evaluated using element-specific surface
electro-adsorption/desorption via cyclic voltammetry (CV) and
aberration-corrected EDS in STEM. Using the charge
associated with the hydrogen adsorption/desorption and the
Au oxide reduction in the CV data, the Pt and Au surface
compositions were extracted, respectively (Supporting In-
formation, Figure S3). Specifically, upon heating at 500 °C in
air (Figure 1a and 1b), Pt-rich (90 ± 3 atom % Pt) surfaces of
colloidal Au0.5Pt0.5 nanoparticles were changed to a Au-rich
surface (88 ± 1 atom % Au). This change in the surface
composition was further confirmed by STEM-EDS analysis of
Pt and Au distributions within individual Au0.5Pt0.5 nano-
particles. Specifically, a Pt shell (blue) and Au core (yellow)
were found for colloidal Au0.5Pt0.5 nanoparticles (Figure 3a),
while a Au shell and Pt were observed for Au0.5Pt0.5
nanoparticles after the 500 °C heat treatment in Ar in Figure
3b. Additional representative TEM images are included in the
Supporting Information.
Au0.5Pt0.5 nanoparticles with ∼70 and ∼30 atom % Pt on the

surface were also obtained by heat-treating as-synthesized
Au0.5Pt0.5 nanoparticles supported on carbon (Figure 1c and
1d) at temperature lower than 500 °C. A treatment at 250 °C
in air gave rise to a 66 ± 4 atom % Pt surface from CV
measurements (Figure 2c), in good agreement with the STEM-
EDS analysis of Pt and Au distributions within individual
particles (Figure 3c). We note that this condition (250 °C in
air) represents the lower limit of the heat-treating temperatures
for surface Au enrichment, where the majority of surfactant
molecules that stabilize Pt on the surface must be removed to
allow Au to migrate and enrich the surface. In comparison, the
heat treatment at 250 °C in Ar did not result in any measurable
change in the surface composition (Supporting Information,
Figure S4a) because fewer surfactant molecules were removed
during heating in Ar than in air. This hypothesis is supported by
the thermal gravimetric analysis data, where more weight loss

Figure 1. Schematic models of Au0.5Pt0.5 nanoparticles undergoing
surface-energy-driven restructuring upon different thermal treatments.
Differential surface energies of Au and Pt in different environments
enable adsorbate-driven segregation, which leads to different surface
compositions despite all having the same bulk composition.
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was found for Au0.5Pt0.5 nanoparticles following the heat
treatment in Ar than in air at 250 °C (Supporting Information,
Figure S4b). Additionally, a subsequent heat treatment in Ar at
350 °C gave rise to further surface Au enrichment, yielding a 28
± 1 atom % Pt surface concentration (Figure 2d) as measured
using CV and confirmed by spectral Pt and Au maps from the
EDS analysis (Figure 3d). We point out that, because the 30
atom % Pt particle preparation requires a two-step heat
treatment, dealloying of Pt and Au can begin to occur, as can be
seen via TEM (Figure 3d). It also should be mentioned that
some differences may exist in the surface Pt and Au
concentrations as quantified via CV and EDS measurements
as EDS in the STEM with spatial resolution of 0.5 nm is less
sensitive to the topmost layer of Au0.5Pt0.5 nanoparticles than
CV measurements.22

CO Electro-Oxidation on Au0.5Pt0.5 Nanoparticles in
Acid. The CO oxidation current was obtained from scanning a
thin film of Au0.5Pt0.5 nanoparticles deposited on a rotating disk
electrode (RDE) in a CO-saturated HClO4 solution as a
function of potential. Geometric current densities (current
normalized to the RDE area) of the Au0.5Pt0.5 nanoparticles
with different surface compositions (Figure 4a) showed that
increasing the surface Au concentration enhanced the intrinsic
activity of COR with Au0.5Pt0.5 nanoparticles with ∼10 and ∼30
atom % Pt surface exhibiting specific activities (current
normalized to the combined electrochemical active surface
area of Pt and Au) markedly higher than those with ∼70 and

∼90 atom % Pt by 1 order of magnitude and commercial Au/C
and Pt/C (Tanaka Kikinzoku, “TKK”) by 2 orders of
magnitude (see Figure 4b and Supporting Information, Figure
S5). The enhancement in the specific activity was also observed
at the mass level, where the mass activities for Au0.5Pt0.5
nanoparticles with ∼10 and ∼30 atom % Pt on the surface
were found to be significantly higher than those with ∼70 and
∼90 atom % Pt and commercial Au/C and Pt/C (Supporting
Information, Figure S6).
We hypothesize the enhancement in the CO electro-

oxidation kinetics of Au0.5Pt0.5/C to stem from the modified
electronic structure of surface Pt that is surrounded by Au
neighbors,25 which results in a weakened binding strength of
COad. This hypothesis is supported by the recent single-crystal
work, whereby isolated surface Pt clusters surrounded by Au
neighbors (see Supporting Information, Scheme S1) were
shown to have weaker CO binding than Pt due to lateral
interactions and the absence of binding contribution from the
next nearest Pt atoms.25,26 We believe that this configuration,
where the Pt or Pt-rich clusters are surrounded by Au or Au-
rich atoms, well represents the surface structure of our
Au0.5Pt0.5 nanoparticles with surface Au enrichment as Pt
prefers to have Pt as its nearest neighbor due to favorable
enthalpy of the Pt−Pt bond.27 Further evidence on the
importance of weakened COad binding came from a positive
reaction order of CO concentration on the COR activity
observed for Au0.5Pt0.5 nanoparticles with 30% surface Pt and a

Figure 2. Cyclic voltammograms of Au0.5Pt0.5 nanoparticles in 0.5 M H2SO4 at 50 mV/s scan rate. (a) As-synthesized Au0.5Pt0.5 (90 ± 3% surface Pt),
(b) Ar treatment at 500 °C for 30 min (13 ± 5% surface Pt), (c) air treatment at 250 °C for 30 min (68 ± 3% surface Pt), and (d) air treatment at
250 °C for 30 min, followed by Ar treatment at 350 °C for 30 min (30 ± 1% surface Pt). Standard deviations were calculated form three
independent measurements.
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zero reaction order (invariant activity with CO concentration)
for ∼70 atom % Pt (Supporting Information, Figure S7). This
finding is in contrast to the case of Pt/C, which has a negative
reaction order, indicative of the poisonous nature of CO for
COR.28

We rule out the possibility that CO may adsorb on Au
because the CO stripping charge scales with Pt instead of the
total surface area (see Supporting Information, Figure S8) and
that Au is known to undergo CO desorption below room
temperature in the form of either extended29 or Au−Pt alloy
surfaces.26,30 As we did not observe significant differences in the
surface atomic structure after different heat treatments (see
Supporting Information Figure S9 and Table S1), we also rule
out the possibility that the enhanced COR kinetics stem from
Au0.5Pt0.5 nanoparticles with different surface facets, in
particular, high-index planes. We therefore propose that the
enhancement comes from the intrinsic electronic structure
modification on Pt by Au. In this hypothesis, Au serves to
modify Pt electronic structure and thereby to more accurately

assess the catalytic trend, and we compare the COR activity
normalized by the Pt surface area (Figure 4b, blue, right axis).
We find that the COR activity monotonically increases with Au
content, consistent with the continuing decrease in the CO
adsorption energy with increasing Au concentration, in
agreement with the literature.26 The critical role of CO binding
strength in the COR kinetics can be understood using the
framework of the well-known Langmuir−Hinshelwood mech-
anism, where COad + OHad → COOHad is the rate-limiting
step.31,32 Specifically, weakened CO binding on Pt reduces Pt
poisoning, which decreases CO coverage and allows OH to
nucleate more efficiently, and the activation energy, which is
prohibitively high as a result of strongly adsorbed COad on Pt,
consequently enhancing the COR kinetics.

Methanol Electro-Oxidation on Au0.5Pt0.5 Nanopar-
ticles in Acid. We further applied the thin-film RDE
methodology to examine the MOR activities of Au0.5Pt0.5
nanoparticles (Figures 5a,b). Methanol oxidation currents
normalized to the combined electrochemically active surface

Figure 3. Aberration-corrected scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS) of Au0.5Pt0.5
nanoparticles. (a) As-synthesized Au0.5Pt0.5 (90% surface Pt), (b) Ar treatment at 500 °C for 30 min (13% surface Pt), (c) air treatment at 250
°C for 30 min (68% surface Pt), (d) air treatment at 250 °C for 30 min, followed by Ar treatment at 350 °C for 30 min (30% surface Pt). The signal
count from the trace line is shown in the top inset, showing Pt and Au Lα and, in the bottom inset, their calculated relative concentrations. The right
panel shows Pt, Au, and their combined Lα mappings. The intensity plots are based on a raw EDS signal that was smoothed in a manner detailed by
Figure S10 (Supporting Information). The colors of the maps were universally scaled so that the color scale of 1 represents 10% less than the
maximum concentration of either Pt or Au in any of the nanoparticles. Signal processing procedures and additional representative TEM images are
included in the Supporting Information.
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area of Pt and Au were measured as shown in Figure 5b and
Supporting Information Figure S10. Like COR, the specific
activities for MOR were found to greatly depend on the surface
composition, exhibiting an increasing catalytic activity with
increasing surface Au composition from the surface Pt-rich side,
until reaching a maximum at the surface Pt concentration of
∼70%, where the activity began to subsequently decrease with
more surface Au on the surface Au-rich side (known as the
“volcano relationship” in catalysis). Interestingly, Au0.5Pt0.5
nanoparticles at this optimum surface composition had higher
specific activities than commercial Pt/C (both at ∼3 and ∼7
nm diameters, supplied by TKK and Johnson Matthey,
respectively). The enhanced activity of these Au0.5Pt0.5
nanoparticles relative to Pt/C was also realized when
normalized to the catalyst mass (Supporting Information
Figure S11, compared only against ∼7 nm commercial catalyst
to avoid specific area difference), demonstrating the robustness
of the catalytic enhancement in these nanomaterials. The MOR
activity of the champion Au0.5Pt0.5 nanoparticles was found to
be comparable to state-of-the-art Pt−Ru and Pt3Sn nano-

particles with respect to both mass and surface area
(Supporting Information, Table S2), although this was still
lower than the result from the Pt−Ru extended surface.
To explain the volcano trend in the MOR activity, we first

focus on the Au0.5Pt0.5 nanoparticles with Pt-enriched surface
(the right side of the volcano), where MOR activity increases
with Au addition. We attribute the enhancement on this branch
to the modified Pt electronic structure25 with weakened CO
binding strength as proposed in the previous section.
Specifically, the modified Pt electronic structure can more
efficiently catalyze the COR, which is the rate-limiting step in
the indirect mechanism of the MOR.31,32 This hypothesis is
congruent with previous reports that the electrochemical
oxidation of methanol on Pt-based surfaces proceeds
preferentially through the indirect pathway, where methanol
undergoes dissociative adsorption and electrochemical dehy-
drogenation to form COad (CH3OH → COad + 4H+ + 4e−)
before proceeding to the final step with the oxidation of the
COad,

1,33 the latter of which is considered to be the rate-
limiting step. This proposal agrees well with the observation

Figure 4. Activities of Au0.5Pt0.5 NPs at various surface compositions for carbon monoxide electro-oxidation reaction (COR). (a) As-measured COR
current densities of Au0.5Pt0.5 NPs at various surface compositions in 0.1 M HClO4 (measured at 1600 rpm, 5 mV s−1 scan rate, 0.018 mgmetal cm

−2
disk

loading). (b) The specific COR activities, is, Au0.5Pt0.5 NPs (capacitance-corrected) normalized to either both Pt and Au surface area (red, left axis)
or Pt surface area (blue, right axis) from a positive-going scan direction as a function of surface composition at 0.7 V vs RHE potential. The activity
for 100% Pt was obtained from commercial Pt/C catalyst (Tanaka Kikinzoku). Error bars represent standard deviations of at least three independent
measurements.

Figure 5. Activities of Au0.5Pt0.5 NPs at various surface compositions for the methanol electro-oxidation reaction (MOR). (a) The methanol electro-
oxidation reaction (MOR) geometric current densities of Au0.5Pt0.5 NPs at various surface compositions in 0.1 M HClO4 (at 50 mV s−1 scan rate,
0.018 mgmetal cm

−2
disk loading). (b) The specific MOR activities, is, of Au0.5Pt0.5 NPs (capacitance-corrected) normalized to either both Pt and Au

surface area (red, left axis) or Pt surface area (blue, right axis) from the positive-going scan direction as a function of surface composition at 0.7 V vs
RHE potential. The activity for 100% Pt was obtained from commercial Pt/C catalyst (Tanaka Kikinzoku). Error bars represent standard deviations
of at least three independent measurements.
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that the increase in the MOR activity with surface Pt
enrichment (Figure 5) is concomitant with COR enhancement
(Figure 4). We therefore propose that the origin of MOR
enhancement can be attributed largely to the weakened CO
binding on Pt, which increases the COR reactivity on Au0.5Pt0.5
nanoparticles. Within the framework of this hypothesis, Au
again modifies the electronic structure of surface Pt, and
therefore we normalize the MOR activity by the Pt surface area
to more accurately assess the catalytic trend (Figure 5b, blue,
right axis). With this normalization, the MOR activity
monotonically increases with Au content on the volcano’s
right side (>50 atom % Pt), the same trend as what was
observed in COR. This supports our hypothesis for the catalytic
enhancement in the case of the Pt-rich surface Au0.5Pt0.5
nanoparticles.
To explain the activity trend of the Au0.5Pt0.5 nanoparticles

with Au surface enrichment (the left side of the volcano), which
has reduced MOR activity with increasing surface Au
composition (both per total and Pt surface areas), we propose
the rate-limiting step on this branch to be the dissociative
adsorption/dehydrogenation of the methanol. With increasing
Au surface enrichment, the probability of forming 3-fold Pt
assembly on the surface1,34 decreases, and thus the ability for
the surface to dissociatively adsorb/dehydrogenate methanol
decreases, resulting in the negative contribution to the MOR
activity.
The optimum MOR activity occurs on Au0.5Pt0.5 nano-

particles with surface Pt composition of ∼70 atom %, while the
optimum MOR activity occurs at ∼90 atom % Pt surface
concentration1,34 for Pt−Ru surfaces. This difference can be
attributed to the dissimilar mechanisms responsible for the
enhancement in the COR activity on Au0.5Pt0.5 nanoparticles
and Pt−Ru and Pt3Sn catalysts reported previously.1,34,35

Unlike Au, Ru or Sn can promote water oxidation36,37 to
increase the availability of OHad at lower overpotential and
consequently enhance the activity of COR via the bifunctional
Langmuir−Hinshelwood mechanism (COad-Pt + OHad-Ru →
CO2 + H+ + e−). Au, however, is much more inert, and
therefore the catalytic reactions on the Au0.5Pt0.5 nanoparticles
likely proceed only through Pt sites that have been modified by
nearby and subsurface Au atoms, where the maximum COR
activity might be obtained when Pt sites have attained the
optimum CO binding. This is in contrast to in the case of Pt−
Ru, where the optimum composition is reached when
appropriate populations of COPt and OHRu are formed.
We show that controlling the surface atomic concentration of

Au on Au0.5Pt0.5 nanoparticles is immensely critical for the
COR and MOR activities. The COR activity of the champion
Au0.5Pt0.5 nanoparticles is also comparable to state-of-the-art
Pt3Sn nanoparticles with respect to both mass and surface area
(Supporting Information Table S3), although it is important to
recognize that this value is still lower than the result from the
Pt3Sn extended surface. In addition, our champion Au0.5Pt0.5
nanoparticle catalyst has significantly higher MOR activity than
other Au−Pt catalysts reported previously (Supporting
Information Table S2).38−40 Even though Au alone is not
active in water oxidation,36 unlike Ru or Sn, it is interesting to
note that the optimum MOR activities of Au0.5Pt0.5 nano-
particles are comparable to those of state-of-the-art MOR
catalysts such as Pt−Ru and Pt3Sn nanoparticles (Supporting
Information Table S2). Our work demonstrates that electronic
structure control by way of surface composition manipulation
represents another avenue for designing a future generation of

nanoparticle electrocatalyst. Further studies that combine the
advantages from both the electronic effect (such as Au), as
demonstrated in this work, and the classical bifunctional effect
(such Ru or Sn) can be an interesting area for the design of
highly active catalysts that promote the oxidation of small
organic molecules.

■ CONCLUSION
We present a correlation between electrocatalytic activities and
surface compositions of bimetallic nanoparticles. By manipulat-
ing and controlling the heat treatment conditions, we utilize
surface energy as a means of selectively enriching either Pt or
Au on the Au0.5Pt0.5/C nanoparticle catalysts. Our finding
demonstrates that tuning the surface composition is critical to
enhance the catalytic activity and that, without it, the as-
measured catalytic activity may not be representative of the true
catalytic potential of nanoparticles. The enhanced COR and
MOR activities of Au0.5Pt0.5 can be attributed to the weakened
CO binding on Pt in the presence of Au, where Au serves as an
electronic modifier to reduce CO poisoning on Pt. Our finding
reflects the critical importance of controlling surface
composition for nanoparticle electrocatalysis, where we
demonstrate the same bulk Au0.5Pt0.5 nanoparticles can have
enhanced or reduced activities depending on the surface
composition. This avenue of optimization must be integrated in
the design of future highly active electrocatalysts.
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