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The poisoning of Pt electrocatalysts by carbon monoxide
(CO), a major impurity in H2 fuels derived from reformed
hydrocarbons, limits the commercialization of Nafion-based
proton-exchange membrane (PEM) fuel cells.[1] To mitigate
the CO-poisoning effect in PEM fuel cells, one straightfor-
ward strategy is to replace Pt with Pt-based bimetallic
electrocatalysts that can tolerate small amounts of CO
(typically < 100 ppm). Three promising classes of Pt-based
bimetallic NPs have been investigated for this purpose: 1) Pt–
M alloys (e.g. PtRu) with metal atoms randomly distributed in
face-centered-cubic (fcc) lattices,[2–4] 2) ordered intermetallics
(e.g. PtBi) that have well-defined compositions and crystal
structures,[5] and 3) core–shell bimetallics, e.g. Ru-core/Pt-
shell (Ru@Pt) in which Pt is concentrated on the Ru
nanoparticle surface.[6] Each of these bimetallic architectures
has potential advantages and disadvantages in terms of
synthetic accessibility, performance, and stability in electro-
catalytic applications. However, a direct comparison of these
three architectures in a specific Pt–M series has not been
reported.

We describe here the synthesis, characterization, electro-
catalytic performance, and stabilities of PtSn alloy, core–shell,
and intermetallic nanoparticles (NPs) of the same composi-
tion and size. These studies show that the PtSn intermetallic is
significantly more stable and has superior performance
relative to the PtSn alloy in acidic electrolyte solutions. In
addition, the intermetallic can be converted to a PtSn@Pt
core–shell particle through a successive potential cycling
process in CO-saturated H2SO4 solutions, while no such core–
shell structure forms from PtSn random alloys. The PtSn@Pt
and PtSn intermetallic NP electrocatalysts show significantly
better CO -tolerance than commercial E-TEK PtRu and Pt
catalysts but presumably involve different CO oxidation
mechanisms.

PtSn intermetallic NPs were prepared by the co-reduction
of [Pt(acac)2] (acac = acetylacetonate) and SnCl4 in octade-
cene by using NaBEt3H, a strong reducing agent. Oleylamine
and oleic acid were employed as capping agents to control the
particle size and shape. The transmission electron microscopy
(TEM) image of as-prepared NPs (Figure 1a) shows the

particles have an average size of 3.5 nm with a narrow size
distribution. To make electrocatalysts, the as-prepared inter-
metallic particles were loaded onto carbon supports and
subsequently heated at 450 8C in Ar/H2 (5 % H2) to remove
the capping agents. Despite the high annealing temperatures,
no significant particle growth or aggregation was observed.
Most of the post-treated NPs were still in the size range of 3–
5 nm, with only a few particles larger than 5 nm (Figure 1b).
The NP lattice fringes (insert of Figure 1b) show an average
lattice separation of 0.21 nm, which corresponds to the (102)
plane of the hexagonal (P63/mmc) PtSn intermetallic. The X-
ray diffraction (XRD) pattern of the intermetallic catalyst
(Figure 1c) displays the distinct hexagonal pattern associated
with the PtSn intermetallic. Single-particle TEM-EDX line
scans show Gaussian distributions of Pt and Sn across the
particle (Figure 1d), indicating that the NPs are bimetallic in
nature with homogenous distributions of elements.

PtSn random alloy NPs were also prepared by the co-
reduction of [Pt(acac)2] and SnCl4, but ethylene glycol and
polyvinyl-pyrrolidone (PVP) were used as the solvent and
capping agent, respectively. The NPs have an average particle
size of 4.0 nm (Supporting Information, Figure S1a). XRD
profiles of the particles show an fcc crystal structure

Figure 1. a) TEM image of as-prepared PtSn intermetallic NPs. The
insert is the size distribution histogram; b) TEM image and lattice
fringe image (insert) of carbon-supported PtSn intermetallic NPs;
c) XRD profile of PtSn intermetallic catalysts; d) TEM-EDX line scan of
one PtSn intermetallic NP.
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(Figure S1b). However, the diffraction peaks are shifted to
lower 2q values compared with those of fcc monometallic Pt,
consistent with the larger unit cell of the PtSn alloy. EDX
analysis gives a Pt48Sn52 average composition for the particles,
which is almost identical to that of intermetallic NPs
(Figure S2) and the precursor composition. The PtSn alloy
catalysts were also made by depositing the as-prepared
particles onto a carbon support, but no further heat treat-
ments were used since PVP is weakly bound to the particle
surface.

The PtSn@Pt core–shell NPs were prepared by CO-
induced surface segregation of the PtSn intermetallic NPs
(Scheme 1).[7] Specifically, a thin film of PtSn intermetallic

catalyst was first made by depositing the carbon-supported
intermetallic catalyst ink on a rotating disk electrode (RDE),
followed by slow drying in air. The electrode was then
subjected to potential cycling between�0.245 Vand 0.5 V (vs.
SCE) for 200 scans in CO-saturated 0.5m H2SO4 solution.
Owing to the strong adsorption of CO on Pt, CO segregated
the Pt atoms to the particle surface during the potential
cycling, thus forming PtSn@Pt core–shell type nanostructures.
Note that potential cycling without CO presence does not
induce core–shell formation. Figure 2a shows a representa-
tive TEM-EDX line scan of one PtSn@Pt core–shell NP. The
presence of both Pt and Sn confirms the particles� bimetallic
nature and the lack of complete phase separation into
monometallic Pt and Sn (or SnOx) NPs. The Pt distributions
across the particles show Pt-rich edges relative to the core,
which is characteristic of M@Pt core–shell NPs[6b, d] and is
distinct from the Gaussian distributions observed for Pt in the
alloy and intermetallic NPs (e.g. Figure 1d). In contrast to the
bimodal Pt distributions, the Sn concentrations in the
PtSn@Pt core-shell NPs still show nearly Gaussian distribu-
tions across the particles (Figure 2a). The XRD profiles of the
PtSn@Pt core–shell NPs (Figure 2 b) are dominated by the
diffraction of the fcc Pt shells, but the slight lattice expansion
of Pt in the shell structure causes the peaks to shift to lower
angles.[6e] The XRD data also clearly show PtSn intermetallic
diffraction peaks, indicating that the core retains its PtSn
intermetallic structure. Based on the TEM-EDX line scans,
XRD study and electrochemical data (see below), it is clear
that the PtSn intermetallic NPs convert to PtSn@Pt core–shell
architectures after the potential cycling process. TEM and
EDX studies do not show significant changes of particle size
and composition during the architectural transformation
(Figure S3). However, it is likely that a small amount of Sn
dissolution occurs during the process, which allows for Pt shell
formation while maintaining the PtSn core.

For direct comparison of their electrochemical properties,
the PtSn intermetallic and PtSn random alloy catalysts were
subjected to 200 potential scan cycles between �0.245 V and
0.5 V (vs. SCE) before data collection. However, the electro-
lyte was saturated with Ar instead of CO during this
conditioning process. Figure 3 shows the CO stripping

Scheme 1. Preparation of PtSn@Pt core–shell NPs from PtSn interme-
tallic NPs by potential cycling in CO-saturated H2SO4 solution.

Figure 2. a) TEM-EDX line scan and b) XRD profile of PtSn@Pt core–
shell NPs.

Figure 3. CO stripping curves of PtSn@Pt core–shell and PtSn inter-
metallic and PtSn alloy catalysts in 0.5m H2SO4. Scan rate: 20 mVs�1,
T = 298 K. The dotted curves are the CVs recorded after CO stripping.
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curves of these three catalysts. As expected, the intermetallic
catalyst exhibits a broad CO oxidation peak since Sn is still
present on the particle surface after the potential cycling. The
presence of surface Sn is evidenced by the Sn oxidation peak
at 0.5 V in the cyclic voltammogram (CV) after the CO
stripping experiment (Figure 3, dotted line). The broad CO
oxidation peak is associated with two types of COads species
on PtSn surface: one weakly adsorbed CO on Pt sites adjacent
to Sn, and the other strongly adsorbed CO on Pt sites.[8] The
CO oxidation at the lower potential is mainly associated with
the weakly adsorbed CO. In contrast, both the alloy and core–
shell catalysts show sharper, more “Pt-like” CO stripping
curves compared to the intermetallic catalyst. For the PtSn
alloy, the Pt-like feature shown in the CO-stripping curve is
suggestive of a Pt-rich surface. The lack of a Sn oxidation peak
in the CV of the PtSn alloy shows that Sn is not present on the
NP surface. Due to the poor stability of PtSn alloy in the
acidic electrolyte, a considerable amount of Sn dissolves
during the potential cycling process. The RDE experiments
suggest that the PtSn alloy actually converts to essentially a
pure Pt NP after the potential cycling, as discussed below.

For the PtSn@Pt core–shell NPs, the sharp CO stripping
peak indicates that the surface is covered by Pt. The
integrated charge under the CO stripping region is approx-
imately 2.5 times greater than that for the PtSn intermetallic,
consistent with the displacement of surface Sn atoms by Pt
during the potential cycling in CO-saturated solutions. The
two well-defined H adsorption peaks characteristic of a pure
Pt surface, as well as the absence of a Sn oxidation peak in the
CV, provide additional evidence for a pure Pt surface in the
PtSn@Pt NPs.

The CO tolerance of each catalyst was evaluated by thin-
film RDE experiments. Figure 4 shows the polarization
curves for electrooxidation of CO/H2 mixtures (1000 ppm of
CO) for five different catalysts. Compared to commercial E-
TEK Pt and PtRu alloy catalysts, both the intermetallic and
core–shell catalysts had much lower overpotentials for CO/H2

oxidation, while the alloy exhibited a CO tolerance close to
that of pure Pt. The CO/H2 oxidation overpotential for the
PtSn@Pt catalyst is cathodically shifted by ca. 200 mV and ca.
100 mV compared to those of Pt and PtRu, respectively. The
remarkable CO tolerance of core–shell and intermetallic NPs
is further evidenced by their low onset potentials for CO/H2

oxidation, which start at as low as �0.15 V for core–shell and
�0.05 V for intermetallic, compared to 0.05 V and 0.15 V for
PtRu and Pt, respectively (Figure 4). The relatively low onset
potential (ca. 0 V) for the PtSn alloy is probably associated
with trace amounts of Sn remaining on the particle surface,
where Sn�OHads acts as an active site for the oxidation of Pt�
COads.

[9] More significant, the PtSn@Pt catalysts show supe-
rior CO-tolerance relative to the PtSn intermetallic catalysts,
exhibiting an additional 75 mV negative shift in CO/H2

oxidation overpotential. The enhanced CO-tolerance of the
core–shell NPs over the intermetallic NPs suggests the
architectures have a significant impact on their reactivity. It
is known that the “bifunctional mechanism” plays an
important role in promoting CO-tolerance in PtSn alloys
and intermetallics.[9] However, this mechanism cannot be
operative for the core–shell catalyst due to the lack of surface
Sn. The high CO-tolerance for the PtSn@Pt catalyst suggests
that the electronic effect[10] associated with the core–shell
structure may be more effective in promoting CO electro-
oxidation than the traditional bifunctional process. As with
other core–shell nanostructures,[6a,b] the PtSn intermetallic
core can modify the electronic structure of the Pt shell by
shifting the d-band center of Pt,[11] thus promoting the electro-
oxidation process.

The relatively high stability of PtSn intermetallic NPs[5c,e]

is critical for the preparation of PtSn@Pt core–shell NPs in
acidic electrolytes. Attempts to use the PtSn random alloy to
make core–shell NPs through potential cycling in CO-
saturated H2SO4 solutions resulted in almost complete
dissolution of Sn. Significant quantities of Sn2+(aq) were
apparent in the electrolytes used for the PtSn alloy catalysts
(RDE and CV experiments) but Sn2+(aq) was not detected in
the electrolytes of the other catalysts. Moreover, the CO-
tolerance of the PtSn alloy after the potential cycling in CO-
saturated H2SO4 solutions is unchanged from that of the
original catalyst (Figure S4). Note that PVP on the alloy NPs
may slightly affect the current density but should not
significantly affect the onset potential for CO/H2 oxidation
shown in Figure 4.

In summary, we have successfully prepared PtSn inter-
metallic and alloy NPs by chemical reduction routes. PtSn@Pt
core–shell NP electrocatalysts were made through potential
cycling of PtSn intermetallic NPs in CO-saturated H2SO4

solutions. The relatively high chemical stability of the PtSn
intermetallic relative to the PtSn alloy was found to be the key
to the formation of core–shell nanostructures. Thin-film RDE
tests demonstrated that the Pt@PtSn core–shell and the PtSn
intermetallic electrocatalysts have substantially higher CO-
tolerance compared to Pt, PtRu alloy, and PtSn alloy catalysts.
We believe that the superior CO-tolerance of the PtSn@Pt
catalyst is mainly due to the electronic effect of the PtSn core
on the Pt shell, while the high CO-tolerance of the inter-
metallic is due to the bifunctional mechanism.

Figure 4. Polarization curves for electrooxidation of CO/H2 mixtures
(1000 ppm CO, balance H2) on different Pt–Sn catalysts with compar-
isons to E-TEK Pt and PtRu catalysts (all catalysts contain 30% total
metal loading). Curves were recorded at 298 K with 1 mVs�1 scan rates
and 1600 rpm rotation rates. Electrolyte: 0.5m H2SO4 solution.
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Experimental Section
PtSn intermetallic NPs were prepared by the co-reduction of [Pt-
(acac)2] and SnCl4 in octadecene by sodium triethylborohydride
(NaBEt3H). Specifically, [Pt(acac)2] (40.0 mg) was first mixed with
octadecene (10 mL), oleylamine (1.0 mL), and oleic acid (1.0 mL).
The mixture was sonicated for ca. 10 min, and then SnCl4 (12 mL) was
added The obtained mixture was sonicated for another 30 min before
it was transferred to a 50 mL flask and slowly heated to 120 8C. In
another flask, octadecene (20 mL) was introduced and heated to
190 8C, and NaBEt3H (4.0 mL, 1.0m) was injected (caution). Then, the
hot solution of precursors was quickly injected into the flask
containing NaBEt3H and octadecene. The obtained mixture was
heated to 195 8C and was kept at this temperature for 1 h. Afterwards,
the solution was cooled down to room temperature. Finally, the
particles were washed with ethanol and precipitated by centrifuga-
tion. To make PtSn random alloy NPs, [Pt(acac)2] (40.0 mg), SnCl4

(12 mL), and PVP (100 mg) were added to a 100 mL flask containing
dry ethylene glycol solution (30 mL). The mixture was heated to
185 8C and was kept at this temperature for 30 min. The particles were
washed with acetone and precipitated by centrifugation.

To make carbon-supported PtSn intermetallic electrocatalysts
with 30 wt % (total metal) loading, the as-prepared NPs dispersed in
hexane were mixed with Vulcan XC-72 powder (73.3 mg) by
sonication for 3 h. After sonication, the catalyst was dried in air
with the evaporation of hexane. The dried catalyst was then subjected
to heat treatment at 450 8C in Ar/H2 (5% of H2) atmosphere for 2 h.
Catalysts of PtSn random alloy were prepared by the similar method,
but no heat treatments were used.

TEM and HRTEM images were obtained on a JEM 2100 LaB6
TEM operating at 200 kV. EDX and EDX line scan analysis was
performed on a JEOL 2100F Field Emission TEM operating in the
STEM mode. XRD patterns of samples were obtained on a Bruker C2
Discover (Parallel Beam) General Area Diffraction Detection
(GADDS) system with a Bruker ACS Hi-Star detector. Electro-
chemical experiments were performed in a standard three-electrode
electrochemical cell. A rotating disk electrode (glassy carbon) with
dried catalyst ink on its surface was used as a working electrode. A Pt
wire counter electrode and a saturated calomel electrode (SCE)
reference electrode were used. All the potentials are reported with
respect to SCE. The electrolyte was a 0.5m H2SO4 solution. For
potential cycling, the working electrode was scanned between
�0.245 V–0.5 V in CO-saturated H2SO4 for 200 cycles with scan
rate of 100 mVs�1. After potential cycling, fresh electrolyte was used
for acquiring the CO-stripping curves and polarization curves. In the
CO-stripping experiments, the PtSn catalysts were saturated with CO
by bubbling CO in the electrolyte for 10 min with the electrode
potential held at �0.20 V vs. SCE, followed by argon-purging for
30 min. To obtain the polarization curves for electro-oxidation of H2

in the presence of CO, the electrolyte was bubbled with CO/H2

mixture (1000 ppm of CO) for 2 h with the electrode potential held
at �0.20 V vs. SCE, followed by the potential scan at 1 mVs�1 with
rotation rate of 1600 rpm.
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