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Alloying a non-noble metal (M) with Pt has become a popular
approach to Pt-based catalysts with much reduced Pt usage

and enhanced Pt activity.1�7 Depending on the chemical nature of
M, PtM can be made highly active for either electrochemical
oxidation or reduction.5�8 Among various PtM alloys studied thus
far, PtSn alloys represent an interesting group of catalysts not only
for hydrogenation9�11 and dehydrogenation reactions,12�14 but
also for electro-oxidation of carbon monoxide (CO),15�20

methanol,21�23 ethanol,23�26 and ethylene glycol.27 Previous evalua-
tions on single crystals and thin films of Pt3Sn for catalytic CO
oxidation suggest that Sn as an alloy component can enhance CO
oxidation on Pt by promoting H2O dissociation on Sn to form
Sn�OH and by altering electronic properties of Pt through its
bonding with Pt, weakening the CO adsorption on Pt.15�19

These experimental observations are further supported by the
first-principles and density function theory calculations.8,28 The
activation energies for CO oxidation on Pt3Sn/Pt (111), Pt3Sn
(111), and Pt (111) surfaces are 0.64 eV, 0.68, and 0.82 eV,
respectively,28 and water dissociation energy is lower on Sn
(0.44 eV) than on Pt (0.67 eV).8 These studies indicate that PtSn
alloys in a nanoparticle (NP) form should be a more promising
catalyst for CO and other small organic molecule oxidizations.

In this paper, we report a high temperature organic phase
synthesis of monodisperse Pt3Sn alloy NPs by coreduction of
Pt and Sn salts and study their enhanced catalysis for CO
and methanol oxidation reaction (MOR) in acid solutions.
Previously, Pt3Sn NPs were synthesized directly on carbon
supports from reduction of the absorbed Pt salt and Sn salt.20

Recently, Pt3Sn NPs were prepared by room temperature H2

reduction of Pt(dibenzylidene acetone)2 with (n-Bu)3SnH,
29 or

made by high temperature coreduction of Pt(acac)2 (acac =
acetylacetonate) and Sn(acac)2 with 1,2-hexandecanediol.21

These Pt3Sn NPs were examined for CO oxidation and MOR
catalysis and were found to be unstable in acidic electrolyte and
oxidative conditions.21 By carefully optimizing the synthesis
conditions, we succeeded in synthesizing monodisperse Pt3Sn
NPs with controlled sizes, composition, and alloy structure.
These Pt3Sn NPs were highly active for CO and methanol
oxidation in 0.1 M HClO4 solutions, and their activity and
stability were further improved by a postsynthesis thermal
treatment. These Pt3Sn NPs could serve as a promising new
CO tolerant catalyst for oxidation of small organic molecules.

Monodisperse Pt3Sn alloy NPs were synthesized by high
temperature reduction of Pt(acac)2 and Sn(acac)2. In the synth-
esis, oleylamine (OAm), as well as the solution of Pt(acac)2 and
Sn(acac)2 in benzyl ether (BE) was injected into the solution of
oleic acid (OA) in 1-octadecene (ODE) at 220 �C. The reaction
temperature was subsequently raised to 280 �C and kept at this
temperature for 1 h to complete the reduction. Transmission
electron microscopy (TEM) analysis shows that the as-synthe-
sized Pt3Sn alloy NPs are monodisperse with their diameter
measured to be 5.2 ( 0.4 nm (Figure 1A). Selected area
diffraction (SAED) pattern of a group of NPs (Figure 1B) and
high resolution TEM (HRTEM) of a representative single NP
(Figure 1C) indicate that the NPs are highly crystallized. The
crystalline fringe shown in Figure 1C is measured to be
∼0.23 nm, corresponding to the (111) interplanar spacing of
the face centered cubic (fcc) Pt3Sn alloy structure (0.231 nm).
Figure 1D is the X-ray diffraction (XRD) pattern of the as-
synthesized Pt3SnNPs. The XRD peaks match with the fcc Pt3Sn
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ABSTRACT: Monodisperse Pt3Sn alloy nanoparticles (NPs) were synthesized by a con-
trolled coreduction of Pt(II) acetylacetonate and Sn(II) acetylacetonate at 180�280 �C in
1-octadecene. In the synthesis, oleylamine was used as a reducing agent, and oleylamine/
oleic acid served as surfactants. The sizes of the Pt3SnNPs were tuned from 4 to 7 nm by
controlling the metal salt injection temperatures from 180 to 240 �C. These mono-
disperse Pt3Sn NPs were highly active for CO and methanol oxidation in 0.1 M HClO4

solutions, and their activity and stability could be further improved by a postsynthesis
thermal treatment at 400 �C in Ar + 5% H2 for 1 h. They are promising as a practical catalyst for CO and methanol oxidation
reactions in polymer electrolyte membrane fuel cell conditions.
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standard, and shift to lower diffraction angles compared to the fcc
Pt peaks, indicating that alloying Pt with Sn results in a crystal
lattice expansion in Pt3Sn NPs. The composition of the Pt3Sn
NPs was measured to be 71/29 (atomic ratio) by both induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES)
and Energy Dispersive X-ray Spectroscopy (EDS) (Supporting
Information, Figure S1).

In the synthesis, the size of the Pt3Sn NPs was tuned by
controlling the precursor injection temperatures. Injection at
180 �C resulted in 3.6( 0.3 nmNPs while at 240 �C led to 6.6(
0.9 nm NPs (Supporting Information, Figure S2). We should
emphasize that injection of Pt(acac)2 and Sn(acac)2 at higher
temperatures and the use of OAm as the reducing agent are
essential for the successful synthesis of monodisperse Pt3Sn alloy
NPs. Since Sn(acac)2 is moisture sensitive, injecting Sn(acac)2
and Pt(acac)2 together at high temperatures can inhibit the
hydrolysis of Sn(acac)2 and promote the alloy formation. If
Sn(acac)2 was added before the reaction solution was heated, the
side reaction of hydrolysis would lead to much less control in NP
composition and morphology (Supporting Information, Figure
S3A). OAm served as a mild reducing agent for coreduction of Pt
and Sn salts at high temperatures. A stronger reducing agent,
such as morphine borane, tended to reduce Pt selectively,
producing nonuniform Pt-rich PtSn (Supporting Information,
Figure S3B,D). In a control experiment, we found that the
presence of Pt(acac)2 and Sn(acac)2 in the injection solution
could actually facilitate the reduction of these two salts for the
formation of PtSn alloy. Without Pt(acac)2, Sn(acac)2 could not
be reduced completely to its metallic state. Instead, a mixture of
Sn and SnO NPs was separated (Supporting Information,
Figures S3C,E). On the other hand, Sn(acac)2 also helped Pt
nucleation and growth. Without Sn(acac)2, the reaction at the
same condition could only lead to the formation of subnano-
meter PtNPs which were difficult to precipitate from the reaction

solution. Our synthesis indicates that the coexistence of Sn-
(acac)2 and Pt(acac)2 is important for the metal salt coreduction,
metal conucleation, and growth into Pt3Sn NPs.

The Pt3Sn NPs were deposited on carbon black (Ketjen EC-
300J) for catalytic studies as described in the experimental
section. Figure 2 shows the TEM images of two kinds of Pt3Sn
catalysts studied in this work. By comparing the Pt3Sn as
prepared (Figure 2A), and Pt3Sn annealed (Figure 2B), we can
see that the NPs have no obvious change in particle size during
the acetic acid and the thermal treatment. XRDs of the Pt3Sn as
prepared and Pt3Sn annealed (Supporting Information, Figure
S4) suggest a slight crystalline size increase from 3 to 3.6 nm.
This crystalline size increase is due to the crystalline domain
growth within a single NP, not the NP aggregation/sintering.

CO electro-oxidation serves as a model system in under-
standing electro-oxidation of methanol.30,31 CO stripping vol-
tammograms were used to probe oxidation potentials of
the adsorbed CO on catalyst surface. Figure 3A�C summarizes
the results on CO stripping experiments. The commercial Pt
has a sharp oxidation peak at 0.61 V, and the as-prepared and as-
annealed Pt3Sn show broader peaks at 0.50 and 0.47 V.
These broader oxidation peaks infer the lower onset potential

Figure 1. (A) TEM image, (B) SAED pattern, (C) HRTEM image,
(D) XRD pattern of the as-synthesized 5.2 ( 0.4 nm Pt3Sn NPs.
The drop lines are the standard peaks for Pt3Sn (blue solid squares, PDF
03-065-0958) and Pt (red open circles, PDF 01-084-0646).

Figure 2. TEM images of (A) the Pt3Sn as prepared and (B) the Pt3Sn
annealed. The catalysts were deposited on carbon black (Ketjen EC-
300J) and washed with acetic acid (A) and annealed under Ar + 5%H2 at
400 �C for 1 h (B).

Figure 3. CO strippings of (A) the commercial Pt, (B) the Pt3Sn as
prepared, (C) the Pt3Sn annealed. (D) J-V curves reflecting CO
oxidation catalyzed by different catalysts in CO saturated 0.1 M HClO4.
The curves were obtained at a potential sweeping rate of 20 mV/s and
RDE rotation speed of 1600 rpm.
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for electro-oxidation of “weakly adsorbed” CO.19�21 Figure 3D
shows the CO oxidation curves in which the onset potentials are
∼0 V for both Pt3Sn NP catalysts and 0.25 V for the Pt catalyst.
The annealed Pt3Sn/C has the slightly higher activity than the as
prepared one as indicated by the slightly negative shift of the CO
stripping peak and higher CO oxidation current density. The
enhanced CO oxidation activity of the Pt3Sn alloy NPs over Pt
NPs is consistent with what has been reported in the single
crystal and thin film studies.15�19 In the PtSn alloy structure, Sn
weakens the CO adsorption on Pt and promotes water dissocia-
tion to form Sn�OHad near Pt-CO, facilitating the fast CO
oxidation.15

The cyclic voltammograms (CVs) (Figure 4A�C) were
recorded in 0.1 M HClO4. The hydrogen under potential
desorption area (Hupd) was used to estimate the electrochemi-
cally active surface areas (ECASAs) of the catalysts. The ECASA
is comparably small for the as-prepared Pt3Sn (1.99 cm

2). This is
further reduced to 1.14 cm2 for the annealed Pt3Sn due likely to
the increase of Sn on the alloy NP surface and the nonadsorption
of Hupd on Sn.

The CO stripping experiments indicate that monodisperse
Pt3Sn alloy NPs are active for CO oxidation and should be a good
catalyst for MOR. The MOR activity was measured by sweeping
the potentials from0�0.7V in a solution of 0.1MHClO4 and 0.1M
methanol, and the current density was normalized by dividing
the raw current with the ECASAs, as shown in Figure 4D.We can
see that the annealed Pt3Sn has the highest oxidation peak
current density in the forward scan (If). The If (mA/cm

2)
decreases from the as-annealed Pt3Sn (1.71) to the as-prepared
Pt3Sn (0.92) and further to the commercial Pt (0.45). The CO
tolerance of the catalyst can be evaluated by the ratio of the
oxidation peak current densities in the forward and backward
scans (If/Ib). Larger If/Ib represents a more complete MOR, less
accumulation of COads, and a better CO-poisoning tolerance.32

If/Ib ratios are calculated from theMORs in Figure 4D to be 1.20,
1.14, and 0.80 for the annealed Pt3Sn, as-prepared Pt3Sn, and
commercial Pt, respectively. TheMOR currents normalized to Pt
weight are given in Supporting Information, Figure S5. The mass

current densities follow the order of Pt3Sn annealed > Pt > Pt3Sn
as prepared. The lower mass activity of the as-prepared Pt3Sn is
likely caused by their larger size (5.2 nm) and less perfect alloy
structure. Once annealed, these Pt3Sn NPs form a better alloy
structure and may show more synergetic effect from Pt�Sn for
MOR, leading to higher activity.

Stability of the catalyst in the oxidation conditions has long
been a concern in developing Pt alloy catalysts for practical
applications. The stability of the Pt3Sn NP catalysts were
evaluated by the chronoamperometric curves in 0.1 M HClO4

+ 0.1Mmethanol at 0.3 V for 1 h (Figure 5). The Pt3Sn annealed
shows less degradation in current density compared to the Pt3Sn
as-prepared, and both kinds of Pt3Sn NPs have higher current
density than the commercial Pt throughout the 1 h test period.
The CVs of the catalysts in 0.1 MHClO4 before and after the 1 h
stability test are compared in Figure 4A�C. The commercial Pt
has an ECASA decrease from 5.15 cm2 to 4.55 cm2 (�11.7%),
which agrees with the NP aggregation observed after catalysis
(Supporting Information, Figure S6A,B). The as-prepared Pt3Sn
NPs are unstable and show certain degree of aggregation
(Supporting Information, Figure S6C) with ECASA changing
from 1.99 cm2 to 1.54 cm2 (�22.6%). Their composition is
changed from Pt/Sn = 70/30 to 77/23 (Supporting Information,
Figure S1). In contrast, the annealed Pt3SnNPs show amuch im-
proved stability without obvious change in both NP morphology
(Supporting Information, Figure S6D) and composition (from
Pt/Sn = 70/30 to 72/28, Supporting Information, Figure S1).
Their ECASA area is actually increased from 1.14 to 1.27 cm2

(+11.4%) due most likely to the more efficient H2 adsorption/
desorption on the better ordered PtSn alloy structure.

In summary, we have developed a high temperature organic
phase synthesis of monodisperse Pt3Sn alloy NPs by a con-
trolled coreduction of Pt(acac)2 and Sn(acac)2 at 180�280 �C
in 1-octadecene. In the synthesis, oleylamine was used as a
reducing agent and oleylamine/oleic acid served as surfactants.
The key to the successful synthesis of Pt3Sn NPs was the
coinjection of Pt(acac)2 and Sn(acac)2 at high temperatures.
The size of the Pt3Sn NPs was tuned from 4 to 7 nm by
controlling the metal-injection temperatures. The Pt3Sn alloy
NPs were catalytically more active for CO and methanol
oxidations than the pure Pt NP catalyst, and their activity and
stability could be further improved by the thermal treatment in
Ar + 5% H2 at 400 �C for 1 h. The Pt3Sn NPs are a promising
group of new catalysts for electro-oxidation of CO, methanol,
and other small organic molecules.

Figure 4. CVs of (A) the commercial Pt, (B) the Pt3Sn as prepared, and
(C) the Pt3Sn annealed. (D) J-V curves reflecting MOR catalysis in
0.1 M HClO4 and 0.1 M methanol with a potential sweeping rate at
50 mV/s.

Figure 5. Chronoamperometric curves reflecting stability of theNPcatalysts
in 0.1 M HClO4 and 0.1 M methanol at constant voltage 0.3 V for 1 h.
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’EXPERIMENTAL METHODS

Chemicals. Pt(acac)2 (acac = acetylacetonate), Sn(acac)2
(98%, Strem), oleylamine (OAm, technical grade, 70%, Aldrich),
oleic acid (OA, technical grade, 90%, Aldrich), 1-octadecene
(ODE, technical grade, 90%, Aldrich), benzyl ether (BE, 98%,
Aldrich), carbon black (Kejen EC 300J), acetic acid (ACS
reagent, g 99.7%, Aldrich). E-TEK Pt (20% Pt loading, Fuel
Cell Store), TANAKA Pt (TEC10E50E-HT, 50.5% Pt loading,
TANAKA KIKINZOKU KOGYO K. K.), perchloric acid
(HClO4, 70�72%, J. T. Baker), methanol (g99.8%, Mallinckrodt
Chemicals) were purchased and used as received.
Synthesis of Pt3Sn NPs. Under an argon (Ar) gas flow and

magnetic stirring, 2mL ofOA and 15mL ofODEweremixed in a
reaction flask and degassed at room temperature and 120 �C for
0.5 h each. At the same time, a 5 mL BE solution of 0.15 mmol
Pt(acac)2 and 0.05 mmol Sn(acac)2 was prepared separately by
first dissolving 0.059 g of Pt(acac)2 in 5 mL of BE with soni-
cation, followed by addition of 0.11 mL of Sn(acac)2 stock
solution (0.5 mL Sn(acac)2 in 4.5 mL of BE). The OA and ODE
mixture was heated up to 220 �C when 3 mL of OAm was added
by syringe. Once the reaction temperature reached 220 �C again,
the BE solution of Pt(acac)2 and Sn(acac)2 was injected im-
mediately to initiate the burst nucleation, which was indicated by
the solution color change from light yellow to black for about 60 s
after injection. Then the temperature was raised to 280 �C at a
heating rate of 2 �C/min, and kept at this temperature for 1 h.
After cooling down to room temperature, the Pt3Sn NPs were
separated by adding isopropanol and centrifugation. The Pt3Sn
NPs were washed twice by a mixture of hexane and isopropanol
and finally dispersed in hexane. The size of as prepared Pt3Sn was
around 5.2 nm.
To prepare smaller (3.6 nm) and larger (6.6 nm) Pt3Sn NPs,

OAm and the metal precursor solution were injected at 180 and
240 �C respectively while other reaction conditions were
kept same.
Preparation of Carbon Supported Pt3Sn NPs (Pt3Sn As

Prepared). Ten milligrams of Pt3Sn NPs in 15 mL of hexane
were mixed with 30 mg of carbon black (Ketjen EC-300J) and
sonicated for 1 h. The Pt3SnNPs loaded on carbon was separated
by centrifugation and then heated in acetic acid at 70 �C for 12 h
and washed with ethanol. After surfactant (25 wt % of the NPs,
calculated from ICP data) removal, the total metal loading
calculated was 20 wt %, and the Pt loading was 16% wt. Finally,
the Pt3Sn as prepared was dried under a controlled flow of
nitrogen and dispersed in deionized (DI) water by sonication to
form a 2 mg of catalyst per mL of suspension.
Thermal Annealing of the Carbon Supported Pt3Sn As

Prepared (Pt3Sn Annealed). The Pt3Sn NPs supported carbon
black (Ketjen EC-300J) was annealed under a gentle flow of Ar +
5%H2 in a tube furnace at 400 �C for 1 h. The annealed Pt3Sn/C
was dispersed in DI water to form a 2 mg of catalyst per mL of
suspension.
Commercial Pt Catalysts.TANAKA Pt (50.5% Pt, 5 nm) was

dispersed in DI water to form a 0.5 mg of catalyst/mL of
suspension and used for CO oxidation. E-TEK Pt (20% Pt,
2�3 nm) was sonicated with DI water to form a 2 mg of
catalyst/mL of suspension and used for methanol oxidation
reaction (MOR).
Electrochemical Measurement. Twenty microliters of cata-

lyst in water suspension (2 mg of catalyst/mL of water) was
deposited on a glassy carbon rotating disk (5 mm in diameter,

mirror polished) and dried under vacuum at room temperature.
Ten microliters of 0.1 wt % Nafion water solution was deposited
over the catalyst and dried. Ag/AgCl electrode and Pt wire were
used as the reference and counter electrodes, respectively. All
potentials used in the figures are versus Ag/AgCl.
In the CO experiments, the rotating disk electrode was first

immersed in the CO saturated 0.1MHClO4 at�0.20 V to form a
CO adlayer on the NP surface. The CO stripping voltammetry
was performed by scanning between�0.20 and 0.70 V in the Ar
purged 0.1 M HClO4 at 50 mV/s sweep rate. The CO bulk
oxidation polarization curves were acquired at 1600 rpm rotating
speed and 20 mV/s sweep rate. The upper potential limit for the
CO bulk oxidation was 0.30 V for the Pt3Sn and 0.47 V for the Pt.
In the MOR experiments, the electrodes were first immersed

in the nitrogen saturated 0.1 M HClO4 solution, and the
potential was scanned from �0.25 to 0.7 V at a scan rate of
50 mV/s. The scan was repeated several times to obtain a stable
cyclic voltammogram (CV) curve. CVs were used to estimate the
ECASA of the catalyst by calculating the Hupd area of the catalyst.
CVs for MOR were conducted in 0.1 M HClO4 and 0.1 M
methanol from 0 to 0.7 V at a scan rate of 50 mV/s. The MOR
currents were normalized to ECASAs or to Pt weight. The
stability was tested by chronoamperometry at 0.3 V in 0.1 M
HClO4 and 0.1 M methanol for 1 h. The currents were also
normalized with ECASAs or Pt weight. After the stability test, the
electrode was rinsed with DI water then immersed in fresh 0.1 M
HClO4. Potential scan from �0.25 to 0.7 V at a scan rate of
50 mV/s was repeated to record a stable CV after the stability test.
Characterization.TEM and high resolution TEM (HRTEM)

images were acquired on a Philips CM20 (200 kV) and a JEOL
2010 (200 kV) transmission electron microscope. X-ray powder
diffraction patterns of the samples were recorded on a Bruker
AXS D8-Advanced diffractometer with Cu Kα radiation (λ =
1.5418 Å). The compositions of the samples were measured by
Inductively Coupled Plasma�Atomic Emission Spectroscopy
(ICP-AES) and Energy Dispersive X-ray Spectroscopy (EDS)
on a LEO 1560 scanning electron microscope. Electrochemical
measurements were performed on a Pine Electrochemical Ana-
lyzer, Model AFCBP1.
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