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ABSTRACT

Carbon-supported, Pt partially covered, PdSn alloy nanoparticles (Pt-PdSn/C) were synthesized via a metathetical reaction of
PdSn alloy nanoparticles, and a platinum precursor. The electrochemical activity was evaluated by methanol oxidation. The
Pt-PdSn/C catalysts were characterized by transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and
cyclic voltammograms (CV). TEM showed that Pt grows layer-by-layer on the surface of PdSn cores and the thickness of the Pt
shell is 0.2 nm, about 1–2 monolayers thick. Cyclic voltammetry results showed that PdSn/C nanoparticles, partially covered by
Pt, have a better electrocatalystic performance than conventional PtRu/C and PtPdSn/C catalysts. Electrochemical active surface
areas of the Pt-PdSn/C was 2.30 times larger than that of PtRu/C and 1.8 times higher than that of PtPdSn/C catalysts. The results
showed that a metathetical reaction is an efficient way of preparing, low Pt loading, highly active electrocatalyst, for methanol
oxidation, thus offering great potential for producing Pt-based electrocatalyst for direct methanol fuel cells on a large scale.
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1. Introduction
Platinum-based electrocatalysts are exclusively used for
catalyzing oxygen reduction reaction (ORR) and methanol
oxidation reaction (MOR) in Direct Methanol Fuel Cells
(DMFCs) 1,2 There are, however, several limitations of Pt-based
electrocatalysts, such as high cost, low availability of platinum
and irreversibly inactivated by CO-like poisoning species,
which restrict the widespread commercialization of DMFCs.3,4 It
is desirable to develop low-cost catalysts with comparable activity in methanol oxidation reaction and better CO-tolerance for
DMFCs. It has been well documented that improving electrochemical activity of Pt by introducing non Pt metals into the catalyst and reducing the Pt loading are effective ways to alleviate
the limitations of platinum-based electrocatalysts for DMFCs.5–8
Currently, PtRu alloy catalysts are still considered as the best
catalysts for methanol oxidation reaction in DMFCs. Alloying Pt
with Ru can significantly enhance the CO-tolerance of Pt.9
Although the PtRu alloy catalysts exhibit high activity in MOR,
the high cost of Pt and Ru, restrains their widespread application
as anode catalysts for DMFCs.10 Compared to Pt, it has been
reported that Pd is a low-cost transition metal with high catalytic
activity towards methanol oxidation11. Although Pd is a promising candidate to replace Pt, the electrochemical activity for MOR
still needs to be improved. As a means of improving electrochemical activity of Pd, alloys of various compositions based on
Pd have been developed as an alternative to Pt-based electrocatalysts for MOR. In order to further lower the cost and
enhance the electrochemical activity, development of
tri-metallic catalysts with adding a third low-cost metal, such as
Sn, Fe, has also attracted attentions since they result in higher
methanol electrooxidation activity and better CO-tolerance.12,13
* To whom correspondence should be addressed.
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It has been reported that the introduction of metal Sn into Pt/C
and Pd/C catalysts can improve the catalytic activity and stability
of Pt and Pd toward the electrooxidation of methanol.13,15 The
presence of Sn can weaken the adsorptive bond of the reactive
intermediates, such as COads and COOHads, and easily remove
CO-like species by providing oxygen species at low potentials.
Sn can also prevent the accumulation of poisoning-intermediates
and provide more Pd sites for the direct HCOOH decomposition
via an direct pathway to CO216 In addition, a core-shell structure
is another efficient way to improve the utilization rate of noble
metals and can further lower the cost of the catalyst without
sacrificing the electrochemical activity.17,18 Tian developed a
seed-mediated, growth method, to synthesize core-shell
nanoparticles and showed that the electrochemical activity of
the nanoparticles started to decrease when the monolayer
coverage of Pt on the core was more than 50 %.19 Therefore, it
would be beneficial if core-shell structures could be formed with
a shell which is partially covered with Pt atoms.
In this work, a facile route for synthesizing carbon-supported,
PdSn nano-cores (Pt-PdSn/C), partially covered with Pt, is
reported. The highly catalytic active catalysts, with low Pt loading, were prepared via metathetical reaction between PdSb
alloy nanoparticles (deposited on carbon) and PtCl42– solution.
This resulted in an architecture, similar to a core-shell structure,
which increases the utilization rate of Pt significantly. By this
method, the coverage of Pt on the core can be tailored by the
atomic ratio of the core alloy. The morphological properties and
electrochemical behaviour of the synthesized catalysts were
investigated.
2. Experimental
Pt-PdSn/C catalysts were prepared by a two-step method.
Firstly, the PdSn/C catalyst with a nominal atomic ratio
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Scheme 1
Synthesis of Pt-PdSn/C catalyst using a sequential reduction process.

Pd:Sn = 1:1 was prepared as follows: palladium chloride (PdCl2),
stannic chloride pentahydrate (SnCl4 5H2O)and sodium citrate
were dissolved in ethylene glycol (EG) and stirred for 0.5 h.
Pretreated carbon black Vulcan XC-72R was added to the above
mixture with stirring. The pH of the system was adjusted to ~10
using a 5 wt % KOH/EG solution while stirring vigorously. The
mixture was then placed into a flask and heated at 160 °C for 8 h.
The synthesized PdSn/C was filtered, rinsed with deionized
water 10 times, and dried in air at 60 °C for 5 h. For comparison,
PdSnPt/C and PtRu/C samples were prepared by using the same
procedure. Secondly, appropriate amounts of H2PtCl6 6H2O and
deionized water were added to an empty flask. The obtained
PdSn/C powder was transferred into a flask and the mixture
stirred at 80 °C for 4 h. The synthesized Pt-PdSn/C catalyst was
collected by filtration and washed with deionized water to
remove chloride anions from the filtrate. The product was dried
in air at 60 °C for 5 h. A Pt-PdSn/C catalyst, with a nominal atomic
ratio Pt:Pd:Sn = 1.0:3.5:3.5, was thus obtained.
TEM measurements were carried out on a Tecnai G220
S-TWIN (FEI Company), using an acceleration voltage of 200 kV.
The average chemical compositions of the Pt-PdSn/C catalyst
was determined using ICP-AES system (Thermo, U.S.A.). X-ray
photoelectron spectroscopy (XPS) (Thi-5702, U.S.A.) was carried
out using a monochromatic Al K~ X-ray source (hå = 29.35 eV).
Electrochemical measurements were carried out using an
electrochemical workstation (RST). A common three-electrode
electrochemical cell was used for the measurements. The counter and reference electrodes were a platinum wire and an
Ag/AgCl (3 M KCl) electrode, respectively. The working electrode was a glassy carbon disc (5 mm in diameter).
3. Results and Discussion
Scheme 1 illustrates the synthesis route of carbon-supported
Pt-PdSn nanoparticles. The standard reduction potential of
PtCl62–/Pt redox couple (0.735 V vs. the standard hydrogen electrode (SHE)) is much higher than that of the Sn4+/Sn redox
couple (0.010 V vs. SHE), while Pd2+/Pd redox couple are
+0.620 V (vs. SHE). The Sn atoms on the surface of PdSn alloy
can be easily oxidized to Sn4+ when H2PtCl6 solution is added.
Theoretically, the Sn atoms on the surface of PdSn nano-cores
should react completely with H2PtCl6 on the basis of the
stoichiometric relationship in Equation (1).
Sn + PtCl62– Ã Pt + Sn4+ + 6Cl–

(1)

As this metathetical reaction occurs, the Pt atoms are reduced

and deposited on the surface of PdSn nano-cores, instead of
independent Pt particles being deposited on the carbon support
in the conventional Pt/C catalysts. Due to the intimate interaction between Pt and metal of cores, the Pt particles immobilize
on the metal cores are much stable than the Pt particles deposited
on the carbon.20 Since there is only a small lattice mismatch of
0.77 % between Pt and Pd metals,19 the Pt nanoparticles can be
easily formed on the top of external Pd layers. After Pt atoms
were deposited on the PdSn nano-cores via metathetical reaction, the catalyst would be Pt-rich on its surface. New Pt nuclei
are not energetically favourable to form in the solution phase
according to the new mechanism proposed by Finke-Watzky,21
so the reduction of Pt is most likely to occur on the surface of
PdSn alloy particles and few monometallic Pt nanoparticles are
formed in the solution. The composition of the catalysts was
evaluated by ICP-AES analysis and the ratio of Pt:Pd:Sn is
1:3.1:3.8 (atomic ratio), which is close to the ratio of Pt, Pd and Sn
precursors . This ratio further proves that most of Pt particles are
formed on the surface of PdSn particles, not in the solution.
Typical TEM images for the PdSn/C and Pt-PdSn/C catalysts
are shown in Fig. 1a and Fig. 1b. It can be seen that the
nanoparticles are deposited onto the carbon with high dispersion and have an irregular polyhedral shape. The size distribution of PdSn/C and Pt-PdSn/C is narrow, mainly in the range of
4~9 nm with the average particle sizes of 6.0 nm and 6.1 nm,
respectively. The sizes of Pt-PdSn/C and PdSn/C in the
TEM images show similar size and morphology. The atomic
radius, cohesive energy and electronegativity of the core and
shell metals are the three key factors of whether the mode of
growth of shell metal is epitaxial or island one. In the
seed-mediated method,22,23 Pt in general prefers to form a
core-shell cluster structure on the surface of Pd cores. The sizes
of Pt-PdSn/C and PdSn/C in the TEM images show similar size
and morphology, which indicated that Pt grow layer-by-layer on
the PdSn core via metathetical reaction. The products were
further characterized by HRTEM, as shown in Fig. 1c and Fig. 1d
for the PdSn/C and Pt-PdSn/C catalysts. If Pt layers are formed
on the surface of PdSn nano-cores, different lattice spacing of
external and core layers can be observed in high-resolution TEM
(HRTEM), which is a straightforward proof of the layered structure.24 Figure 1c shows that the catalysts are polycrystals, whose
lattice spacing (0.218 nm) is close to the value for metallic Pd (111)
(0.225 nm), indicating a lattice contraction due to alloying with
Sn. Figure 1d presents the HRTEM image of the Pt-PdSn/C
catalyst. The measured distance between the two nearest rows is
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Figure 1 TEM images of (a) PdSn/C and (b) Pt-PdSn/C, and HRTEM images of (c) PdSn/C and (d) Pt-PdSn/C.

0.221 nm, and is smaller than the value for metallic Pt (111)
(0.233 nm). This suggests that the Pt shell is formed on the
surface of the Sn, and Pt and Sn are alloyed with each other,
resulting in lattice contraction. Using the shell model of
Schmid,25 and taking into account the precision of the TEM
measurements, it is found that the thickness of the Pt shell of
the Pt-PdSn/C nanoparticles is 0.2 nm, about 1–2 monolayers
thick, which is the Pt coverage found to yield optimal catalytic
activity.26
XPS analysis was used to determine the valence state and the
surface composition of the as-synthesized catalysts. Figure 2a
shows the regional Pt4f spectra of the Pt/C and Pt-PdSn/C
samples. The Pt4f spectra shows a doublet containing a low
energy band (Pt4f7/2) and a high energy band (Pt4f5/2) at 71.37
and 74.37 eV for Pt/C, and 70.88 and 74.25 eV for Pt-PdSn/C,
respectively. Compared to Pt/C there is a negative shift in the
binding energies for Pt-PdSn/C, which results from charge
transfer from Pd and Sn atoms to Pt atoms. Figure 2b shows that
the Pt 4f region of the Pt-PdSn/C displayed as three separate
doublets. The doublet (at 70.88 and 74.25 eV), with highest intensity, is a signature of Pt in the zero valent state. The weaker
doublets, with binding energies of 1.4 eV higher than Pt(0), are
assigned to the Pt(II) oxidation state as in PtO and Pt(OH)2.27,28,29
The third doublet, which is the weakest in intensity with higher
binding energies, is most likely caused by a small amount of Pt
(IV) residue on the surface.30 A comparison of the relative areas
of integrated intensity of Pt(0), Pt(II), and Pt(IV) showed that
68 % of the surface area of the Pt-PdSn/C was covered by metallic
Pt.

The cyclic voltammograms (CV) of the PtRu/C, PtPdSn/C and
Pt-PdSn/C were carried out in 0.5 M H2SO4 solution under N2
atmosphere and are presented in Fig. 3. All catalysts clearly
exhibit the characteristic features of polycrystalline Pt, i.e.
hydrogen adsorption/desorption peaks, oxide formation/stripping wave/peak, and a flat double layer region in between.
CV was used to calculate the electrochemical active surface areas
(ECSA) of the different catalysts. In Fig. 3, the cathodic and
anodic peaks appearing between –0.20 and 0.10 V originate from
the adsorption and desorption of atomic hydrogen in acidic
media. Thus the area of H-adsorption or H-desorption on the
CV curve can be used to estimate the ECSA of Pt catalysts.31–33 By
using the charge passed for H-desorption QH, ECSA can be
calculated according to the following equation:
ECSA (m2 g–1) = QH / (2.1 × [Pt]) .

(2)

Here, [Pt] represents the platinum loading (g m–2) in the electrode, and 2.1 (C m–2) is the charge required to oxidize a monolayer of H2 on a Pt. The ECSA of Pt-PdSn/C is 71.28 m2 gPt–1,
which is 2.30 times larger than that of the PtRu/C (30.98 m2 gPt–1)
catalyst and 1.80 times larger than that of the PtPdSn/C (40.67 m2
gPt–1) catalyst. The high ECSA of Pt-PdSn/C may originate from
the more exposed, active Pt atoms, on the surface of the
Pt-PdSn/C nanoparticles. These exposed Pt atoms maybe responsible for the good electrochemical catalytic performance of the
catalyst.
Figure 4 shows the cyclic voltammograms of PtRu/C, PtPdSn/C
and Pt-PdSn/C catalysts recorded in 0.5 M CH3OH + 0.5 M
H2SO4 aqueous solution. Although onset potentials of three
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Figure 4 Cyclic voltammograms of PtRu/C, PtPdSn/C and Pt-PdSn/C
catalysts in 0.5 M CH3OH + 0.5 M H2SO4 solution under N2 atmosphere;
scan rate: 50 mV s–1; at 20 ± 5 °C.

Figure 2 (a) Pt 4f XPS spectra of Pt/C and Pt-PdSn/C catalysts. (b) Pt
4f XPS spectra of the Pt-PdSn/C catalyst fitted with three pairs of overlapping Lorentzian curves.

catalysts are similar, the peak current density of Pt-PdSn/C
reaches 0.572 A mgPt–1 at 0.593 V during positive potential
scanning process is much higher than that of PtRu/C catalyst

(0.157 A mgPt–1 at 0.606 V) and PtPdSn/C (0.169 A mgPt–1 at
0.620 V) catalyst, which indicate the activity towards methanol
electrooxidation for Pt-PdSn/C catalyst is obviously better than
PtRu/C and PtPdSn/C catalysts.
In addition, the ratio of the forward oxidation current peak (If)
to the reverse current peak (Ib), If/Ib, is an important index of the
catalyst tolerance to the poisoning species.4,41–43 A higher ratio
indicates more effective removal of the poisoning species on the
catalyst surface. Based on the curves in Fig. 4, the If/Ib ratio of
Pt-PdSn/C is 1.50, which is higher than that of the PtRu/C
catalysts (~1.20) and PtPdSn/C catalysts (~1.32), which shows
the best poison tolerance among these three catalysts.
In order to explain the effect of Pd and Sn, a reaction mechanism is proposed in this work. This reaction mechanism is based
upon the simplified dual path mechanism accepted for the oxidation of methanol.34,35 The mechanism for methanol oxidation
on the Pt-PdSn/C catalyst can be presented as follows:
Pt + CH3OHsolution Ã Pt-CH3OHads
+

Pt-CH3OHads Ã Pt-COads + H + e
+

Pt + H2O Ã Pt-OHads + H + e
+

(3)
–

(4)

–

Pd + H2O Ã Pd-OHads + H + e

(5)
–

(6)
+

Pt-COads + Pt-OHads Ã 2Pt + CO2 + H + e

–

+

(7)
–

Pt-COads + Pd-OHads Ã Pt + Pd + CO2 + H + e .

Figure 3 Cyclic voltammograms of PtRu/C, PtPdSn/C and Pt-PdSn/C
catalysts in 0.5 M H2SO4 solution under N2 atmosphere; scan rate =
50 mV s–1; at 20 ± 5 °C.

(8)

Reactions (3) and (4) occur primarily at the Pt active sites. The
zero valent tin atoms change the adsorption properties of Pt,
resulting in stronger adsorption of H2O, presumably in the form
of OH. Reaction (5) is then promoted, and leads to an enhancement of methanol oxidation rate.36,37 The general theory of
bifunctional methanol oxidation mechanism is as follows: Pd is
responsible for the water dehydrogenation to form Pd-OH, in
other words, reaction (6) occurs, then the reaction of Pd-OH and
Pt-CO produces CO2 and regenerates the active metal on the
surface. Without Pd, the water dehydrogenation on Pt will occur
at a higher potential, making the overall oxidation process on
pure Pt sluggish.38 Taking account of these two factors, reaction (4) would mainly affect the methanol oxidation rate in the
low potential. As evidenced from the XPS data, the charge transfer from Pd and Sn to Pt in the core-shell system, causes a
substantial increase in electron density around Pt-sites resulting in a weaker chemisorption of CO, which could promote the
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showed that 1–2 monolayers of Pt atoms were formed on the
surface of PdSn core particles. Electrochemical results prove that
Pt-PdSn/C, with low Pt loading, prepared via a metathetical reaction, can significantly improve the electrochemical performance
and electrochemical active surface areas of Pt-PdSn/C are much
higher than that of conventional PtRu/C and PtPdSn/C catalysts.
The new method of preparing Pt-based electrocatalyst via
metathetical reaction has great potential for producing highly
active electrocatalysts for methanol oxidation.
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Fig. 5 Tafel plots of MOR on PtRu/C, PtPdSn/C and Pt-PdSn/C catalysts,
in 0.5 M CH3OH + 0.5 M H2SO4, solution under N2 atmosphere. Scan
rate: 1 mV s–1.

reactions (6) and (7).39,40 The mechanism by which the introduction of PdSn can improve the activity towards methanol oxidation should be considered as a multifunctional effect of the PdSn
core and the Pt shell.
In order to further compare the activity towards methanol
oxidation of PtRu/C, PtPdSn/C and Pt-PdSn/C catalysts and
testify the above mechanism, Tafel slope and exchange current
density were carried out for these three catalysts. Tafel plots of
the MOR on the PtRu/C, PdSnPt/C and Pt-PdSn/C catalysts,
derived from the linear sweep voltammograms in 0.5 M H2SO4 +
0.5 M CH3OH aqueous solution, at a scanning rate of 1 mV s–1, are
shown in Fig. 5. Tafel plots can be fitted and divided into two
linear regions for all samples, indicating a change in the mechanism or at least a change in the predominance of certain processes. For all catalysts, the fitted Tafel slopes are about
65–129 mV dec–1 at low potentials and about 352–396 mV dec–1 at
high potentials. The difference of the Tafel slope values at low
and high overpotentials may indicate a possible change of reaction mechanism, or at least a transformation of rate-determining
step at different potential ranges. From kinetic theory point of
view, it can be concluded that a splitting of the first C-H bond of
CH 3 OH molecule with the first electron transfer is the
rate-determining step of methanol electrooxidation. The result is
consistent with the above mechanism. The change of the Tafel
slopes at high potentials may be attributed to the insufficient
compensation of methanol oxidation for the rapid oxidation
reaction on the electrode surface, and the mass transfer of methanol at high potential becomes the rate-determining step.41 The
Tafel slope values in different potential regions reveal that the
mechanism and rate-determining step in methanol electrooxidation varies with potential. In the low potential range, methanol dehydrogenation, is the rate-determining step, while in the
high potential range, the oxidation and removal of COads,
becomes the rate-determining step. Meanwhile, at intermediate
potential, the rate-determining step of methanol electrooxidation is perhaps in the transition range.31
4. Conclusions
A carbon-supported Pt partially covered PdSn alloy nanoparticles with low Pt loading were successfully synthesized via
metathetical reaction of PdSn alloy nanoparticles and platinum
precursor. The synthesized Pt-PdSn/C catalyst was characterized by various techniques including TEM, XPS and CV. TEM
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