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Alloy nanoparticles (NPs) have attracted increasing interest in
the development of heterogeneous catalysts.1�7 In an alloy

catalyst, the employed elements may enhance the catalytic
activity through ensemble8 and/or electronic (ligand) effects.9

With the broad choice of elements3,5 and tuning of surface and
near-surface compositions,10,11 alloying provides numerous op-
portunities for the design of advanced catalysts with enhanced
activity,12,13 selectivity,11,14,15 and durability.16,17

Although the average composition (based on bulk composi-
tion) is generally used to correlate with the catalytic behavior of an
alloy catalyst, the distribution of elements within the NPs is found
to have remarkable effects on the local electronic structures and
catalytic behavior of the material.4,18 Moreover, catalyst durability
is highly dependent on the elemental homogeneity of an alloy
catalyst. For example, one element may be more volatile than the
other components in an alloy catalyst under specific reaction
conditions, and a catalyst with an inhomogeneous distribution of
the alloying components is thus less stable because of dissolution of
the volatile element from the near-surface region.19 The homo-
geneity of alloys and their compositional profiles have been
successfully addressed on extended surfaces;5,12,20 however, such
insight to corresponding nanoscale alloy materials is still lacking.
The treatments that are established to induce the proper elemental
distribution on extended surfaces may not be always applicable to
nanocatalysts for a number of reasons, such as particle sintering
and the change of particle size that compromises the assessment of
catalytic performance.21,22 Therefore, a synthetic approach toward

homogeneous alloy nanocatalysts is needed to achieve systematic
advancement and fine-tuning of the catalytic properties in nano-
scale systems.

Here we introduce the synthesis of monodisperse and highly
homogeneous Pt-bimetallic alloy nanocatalysts. Previous re-
search on extended surfaces of polycrystalline Pt3M (M = Fe,
Co, Ni, etc.) solid solution alloys has shown they are more active
for the electrochemical reduction of molecular oxygen compared
to pure Pt. The enhanced catalytic activity was found to vary with
the altered d-band center position of these alloys, which led to
reduced adsorption of oxygenated spectator species (e.g.,
OH�).5,12,20 On the other hand, Pt-bimetallic nanocatalysts
prepared by conventional impregnationmethods19,21,23,24 usually
possess compositional variance among the particles, that is, Pt-
rich/-poor regions may even coexist in single NP,19 which makes
substantial difference in homogeneity of these materials com-
pared to the bulk counterparts. Accordingly, the level of electro-
nic modification by alloying element may not be uniform within
the same catalyst, and hence, the catalytic performance is
compromised. To achieve even distribution of elements, we
use an organic solution approach to synthesize homogeneous
Pt3M alloy NPs by coupling the reduction of platinum acetyla-
cetonate with the reduction of 3d transitionmetal salts or thermal
decomposition of metal carbonyl. The obtained NPs are
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ABSTRACT: Alloying has shown enormous potential for tailoring the atomic and
electronic structures, and improving the performance of catalytic materials. Systema-
tic studies of alloy catalysts are, however, often compromised by inhomogeneous
distribution of alloying components. Here we introduce a general approach for the
synthesis of monodispersed and highly homogeneous Pt-bimetallic alloy nanocata-
lysts. Pt3M (where M = Fe, Ni, or Co) nanoparticles were prepared by an organic
solvothermal method and then supported on high surface area carbon. These catalysts
attained a homogeneous distribution of elements, as demonstrated by atomic-scale
elemental analysis using scanning transmission electron microscopy. They also exhibited high catalytic activities for the oxygen
reduction reaction (ORR), with improvement factors of 2�3 versus conventional Pt/carbon catalysts. The measured ORR catalytic
activities for Pt3M nanocatalysts validated the volcano curve established on extended surfaces, with Pt3Co being the most
active alloy.
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supported on carbon black and then applied as electrocatalysts
for theORR. The dependence of theORR activity on the alloying
elements in the NPs is compared with the previous results
obtained on extended surfaces,5 with the aim of confirming the
quality, and thereby homogeneity, of the alloy nanocatalysts by
validating the consistency between these bimetallic systems.

’EXPERIMENTAL METHODS

Nanoparticle Synthesis. Pt3Fe NPs were synthesized by the
simultaneous decomposition of Fe(CO)5 and reduction of Pt-
(acac)2. A 0.1 g portion of Pt(acac)2 was dissolved in 10 mL of
benzyl ether in the presence of 1 g of 1,2- tetradecanediol, 1 mL
of oleylamine, and 1 mL of oleic acid. A 0.03 mL portion of
Fe(CO)5 was injected into this solution at 120 �C, and the
solution temperature was then raised to 300 �C. The solution was
cooled down after 30 min. Thirty milliliters of ethanol was added
to precipitate the NPs, and the product was centrifuged
(6,000 rpm). The obtained NPs were then dispersed in hexane.
Pt3Co NPs were synthesized by decomposition of Co2(CO)8
and reduction of Pt(acac)2 in diphenyl ether following the
previously reported recipe.25

Pt3Ni NPs were synthesized by coreduction of Pt(acac)2 and
Ni(ac)2.

26,27 Ni(ac)2 (0.2 mmol) was dissolved in 10 mL of
diphenyl ether in the presence of 0.5 mL of oleic acid, 0.5 mL of
oleylamine, and 2 mmol of tetradecanediol. Pt(acac)2 (0.33
mmol) dissolved in 1 mL of 1,2-dichlorobenzene was injected
into this solution at 200 �C. The solution was kept at this
temperature for 1 h and then cooled down to room temperature.
The product was separated by adding 30 mL of ethanol and
centrifuged (6,000 rpm).
Materials Characterization. Transmission electron micro-

scopy (TEM) images were collected using a Philips EM 30 (200
kV). The compositions of the alloy catalysts were measured by
energy-dispersive X-ray spectroscopy (EDS) for a large assembly
of catalyst particles (a few hundred NPs) via TEM. X-ray
diffraction (XRD) patterns were collected on a PANalytical
X’pert PRO diffractometer using Cu Kα radiation at room
temperature. High-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) and EDS character-
ization of individual NPs, including spectrum imaging to produce
elemental maps were conducted using a JEOL 2200FS TEM/
STEM equipped with a CEOS aberration (probe) corrector and
a Bruker-AXS X-Flash 5030 silicon drift X-ray detector. The
microscope was operated at 200 kV, and the electron beam size
was ∼0.7 Å for imaging and ∼2 Å for EDS analysis (probe
current ∼400�500 pA).
Electrochemical Studies. Electrocatalytic activities were

measured by using a three-electrode electrochemical cell and a
rotating disk electrode (RDE) with a potentiostat (Autolab 302).
A saturated Ag/AgCl electrode and a Pt wire were used as
reference and counter electrodes, respectively, in 0.1 M HClO4

electrolyte. Electrochemical surface area (ECSA) of the catalyst
was determined from the under potentially deposited hydrogen
(Hupd) region by integration of the cyclic voltammetry (CV) and
was used for normalization of the kinetic current density, that is,
specific activity. All CVs were recorded after 100 potential cycles
and were stable during electrochemical characterization. The
catalyst loading on the glassy carbon electrode was adjusted to be
12 μgPt/cm

2
disk. All the potentials in this report were referenced

against the reversible hydrogen electrode (RHE) and the readout
currents were corrected for the ohmic iR drop.28,29

’RESULTS AND DISCUSSION

NPs from organic solution synthesis possess the advantages of
narrow size distribution and uniform shape.30�32 This is bene-
ficial for catalytic studies as the effects of particle size33 and
shape34 can be differentiated from the others, for example,
alloying. Figure 1 shows typical TEM images of the monodis-
perse ∼5 nm Pt3M NPs obtained from the organic solution
synthesis. Our previous work has shown that the particle size can
be tuned from <3 nm to ∼10 nm,33 and the alloy composition
can be controlled to be from Pt-rich to 3d transitionmetal-rich by
altering the synthesis procedures.35 The focus of the present
study is placed on the alloy homogeneity and elemental distribu-
tion within the NPs.

Since the as-synthesized particles were stabilized by organic
surfactants in solution, they cannot be directly applied as a
catalyst. To perform electrochemical characterization, these
NPs were first supported on a high-surface-area carbon black
(Tanaka,∼900m2/g), and then the surfactants were removed by
heating in an oxygen rich atmosphere at ∼180�200 �C. After
this step, the obtained catalysts became electrochemically active,

Figure 1. TEM images of the as-synthesized 5 nm (A) Pt3Fe, (B)
Pt3Co, and (C) Pt3Ni NPs.

Figure 2. TEM images of the (A) Pt3Fe/C, (B) Pt3Co/C, and (C)
Pt3Ni/C catalysts after surfactant removal. (D) XRD patterns of the
commercial 6 nm Pt/carbon catalyst and bimetallic Pt3M/carbon
catalysts prepared via organic solution synthesis in this work.
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and they were further annealed in a reducing atmosphere at
400 �C to reach the best catalytic performance without inducing
significant particle sintering.22 TEM images (Figure 2A�C)
confirmed that no significant size ormorphology change occurred
after the thermal treatments. The prepared bimetallic catalysts
exhibited an astonishingly homogeneous distribution of ele-
ments, as confirmed by the EDS elemental analysis acquired
via HAADF-STEM. Figure 3 shows the elemental maps for Pt
and Co acquired from a single nanoparticile. Both Pt and Co are
homogeneously distributed within the NP and exhibit random
element intermixing, as shown in the Pt�Co overlay map

(Figure 3B), which provides direct evidence for highly homo-
geneous alloy catalyst.

Additional proof that the NPs possess a uniform alloy
composition was provided by XRD studies of the Pt3M/carbon
catalysts. The XRD patterns (Figure 2D) show that these
bimetallic catalysts have the same face-centered cubic (fcc)
structure as Pt, but with the diffraction peaks slightly shifted
toward higher angles. This indicates random distribution of the
3d transition metal (Fe, Co and Ni) atoms in the Pt lattice and
reduced Pt�Pt bond lengths in the formed solid solutions.36,37

This observation together with the absence of peaks for other
crystal phases (because of residual or excess metal phases)21

demonstrates the uniform distribution of alloy elements within
the NPs, that is, no significant composition variance among the
catalyst NPs.

The obtained highly homogeneous alloy NP catalysts have led
into a systematic investigation of the electrocatalytic perfor-
mance of such Pt-bimetallic systems. Model catalyst studies for
Pt3M alloys on extended surfaces have established a volcano-type
dependence of the ORR catalytic activity on the 3d transition
metal (following the order in the element table, namely, Ti, V, Fe,
Co, and Ni)5 with Pt3Co as the most active alloy.12 To confirm
this trend at the nanoscale, the ORR catalysis of the Pt3M
catalysts were studied by RDE measurements. Figure 4 sum-
marizes the electrochemical characterization of the Pt3M NPs.
The voltammograms show Hupd peaks at E < 0.4 V and Pt
oxidation/reduction peaks at 0.8�0.9 V in the anodic/cathodic
scans, respectively. It is noteworthy that control of the particle
size at∼5�6 nm leads to consistent values for the specific surface
area (between 30 and 40 m2/g (Figure 4D)), which excludes
the particle size effect in this study. Compared with Pt/carbon
(6 nm Pt, from Tanaka), the Pt oxidation/reduction peaks of

Figure 3. (A) HAADF-STEM image of the Pt3Co/carbon catalyst and
corresponding EDS elemental maps: (B) overlay of Pt and Co EDS
maps, (C)Co�Kα, and (D) Pt-Lα. The scale bar in (A) is equal to 2 nm,
which is also applicable for (B)�(D).

Figure 4. Electrocatalytic results of the Pt3M/carbon catalysts for the ORR. (A) CVs recorded at 50 mV/s in Ar saturated 0.1 M HClO4 at 60 �C.
(B) Polarization curves recorded at 20 mV/s in O2 saturated 0.1 M HClO4 with iR drop correction.29 (C) Tafel plots of the kinetic current densities
depending on electrode potentials (RHE, reversible hydrogen electrode). (D) The dependence of specific activity, and (E) mass activity (columns, left
axis) and specific surface area (filled squares, right axis) on the types of alloys. The electrocatalytic results were obtained by average of three independent
measurements with an error margin of <10%.
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Pt3M catalysts have positive shifts of∼40mV (Figure 4A), which
is consistent with the trend of altered electronic structures of
these alloys.5 The observed differences are correlated with the
enhanced ORR catalytic activity, and corresponding shifts are
also present for the half-wave potentials in polarization curves
(Figure 4B). At 0.9 V, the Pt3M catalysts show improvement
factors of∼2�3 in specific activity versus Pt catalyst (Figure 4C
and 4D). Among the alloy catalysts, Pt3Co/C has the highest
activity, reaching 3.2 mA/cm2, versus 3.0 and 2.3 mA/cm2 for
Pt3Ni and Pt3Fe, respectively. The volcano-type dependence of
catalytic performance on the type of 3d transition metal5 is
revealed in both specific activity andmass activity (Figure 4D and
4E). These findings undoubtedly confirmed the highly homo-
geneous character of the nanoscale materials synthesized here,
which is in line with their solid-solution nature and catalytic
behavior of corresponding well-defined extended surfaces.

’CONCLUSION

Homogeneous Pt alloy nanocatalysts have been prepared by
organic solvothermal synthesis. A uniform distribution of alloy
elements, both within individual NPs (forming random Pt3M
solid solution NPs) and on a bulk scale, has been demonstrated
by a combination of bulk XRD and HAADF-STEM imaging/
EDS elemental mapping. The validation of the catalytic trends
that were previously established on extended surfaces has been
confirmed for high-surface-area nanocatalysts. The production of
highly uniform Pt3M catalysts is enabled by controlling crucial
synthesis parameters such as particle size, alloy composition, and
catalyst pretreatment. These findings show that the organic
solvothermal method is an advantageous approach toward the
synthesis of monodisperse and homogeneous alloy catalysts.
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