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e alcohol electrooxidation on
Pt3Sn–SnO2 nanocatalysts synthesized through the
transformation of Pt–Sn nanoparticles†

Liang Wang,ab Wei Wu,ab Zhao Lei,ab Tang Zeng,ab Yangyang Tan,ab

Niancai Cheng *ab and Xueliang Sun*c

In this work, Pt3Sn–SnO2 supported on N-doped graphene (Pt3Sn–SnO2/NG) was synthesized through the

in situ transformation of Pt–Sn/NG by annealing in an air atmosphere. The Pt3Sn–SnO2/NG catalyst,

characterized by XRD, TEM and HRTEM, forms an ordered Pt3Sn intermetallic in which every Pt3Sn

nanoparticle (NP) is in close contact with one or more SnO2 NPs. The Pt3Sn–SnO2/NG catalyst shows

outstanding performance towards the ethanol oxidation reaction (EOR) and methanol oxidation reaction

(MOR). The mass activity for EOR on the Pt3Sn–SnO2/NG catalyst is 469 mA mgPt
�1 at 0.7 V, which is

more than 10 times that of the commercial Pt/C catalyst (44 mA mgPt
�1). The Pt3Sn–SnO2/NG catalyst is

found to have more than three times the stability of the commercial Pt/C. Our Pt3Sn–SnO2/NG catalyst

also delivers increased activity and higher stability for MOR compared with the Pt/C catalyst. In addition,

the Pt3Sn–SnO2/NG catalyst is observed to have a higher CO tolerance compared with Pt/C. The high

activity and stability of the Pt3Sn–SnO2/NG catalyst can be attributed to the unique structure of Pt3Sn–

SnO2, formed by the in situ transformation of Pt–Sn/NG, which induces the formation of a small-sized

ordered Pt3Sn intermetallic that strongly interacts with SnO2. The synergetic effect between the ordered

Pt3Sn and SnO2 enhances the activity towards EOR and MOR through the Sn in both Pt3Sn and SnO2,

which facilitates the removal of COads on the adjacent Pt active sites at low potentials by providing

OHads species; it also improves stability because of the strong Pt3Sn–SnO2 interactions.
Introduction

Direct alcohol fuel cells (DAFCs) including direct ethanol fuel
cells (DEFCs) and direct methanol fuel cells (DMFCs) are
regarded as promising energy conversion devices for portable
electronic devices because of their high power densities, low
operating temperatures, low emissions, and safety for storage
and transportation.1–4 However, the commercialization of
DAFCs has been hindered by their low activities and the insta-
bilities of the anode electrocatalysts which originate from the
intrinsically sluggish kinetics of the ethanol oxidation reaction
(EOR) and methanol oxidation reaction (MOR).5–7 Pt nano-
particles (NPs) deposited on carbon supports have been widely
used to facilitate alcohol oxidation in DAFCs.8–11However, the Pt
catalysts are easily poisoned by the surface adsorbed
ing, Fuzhou University, Fuzhou, 350108,

Technology, Fuzhou University, Fuzhou,

Engineering, The University of Western

ail: xsun@eng.uwo.ca

tion (ESI) available. See DOI:

2–598
intermediates such as CO produced during decomposition of
methanol and ethanol, leading to the loss of Pt catalytic
activity.12 Moreover, the weak interactions between carbon
black and Pt NPs also lead to a degradation in Pt catalytic
activity due to particle migration and agglomeration caused by
the easy migration of the particles on the carbon supports
during the long-term operation of DAFCs.13–15

Recently, much more effort has been made to increase the Pt
utilization and decrease the Pt usage through the enhanced
electrocatalytic performance towards MOR and EOR that can be
realized by alloying platinum (Pt) with other transition metals
(M).16 The different kinds of Pt–M alloy electrocatalysts, such as
Pt–Sn,17–19 Pt–Ru4,20 and Pt–Co,21,22 have been reported to achieve
enhanced MOR and EOR activity in comparison with their
counterpart pure Pt catalysts, due to the bifunctional and/or
ligand effects between the two metals. Unfortunately, the elec-
trochemical performances of most of these Pt-based alloy
electrocatalysts still suffer from degradation during long-term
operation, which is mainly caused by the dissolution of the
non-noble metals in the harsh environments of the DAFCs.
Recently, much attention has been focused on the development
of structurally-ordered Pt-based intermetallic catalysts to
further improve activity and stability by alleviating the metal
dissolution of non-noblemetals due to the increased strength of
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of the strategy for the synthesis of
Pt3Sn–SnO2 on N-doped graphene.

Fig. 1 (a) TEM and (b) HRTEM images of the Pt3Sn–SnO2/NG catalyst.
(c) STEM image of the Pt3Sn–SnO2/NG catalyst and the corresponding
elemental mappings of C, N, O, Sn and Pt.
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Pt–M bonds and Pt–M interactions.23–27 Among the various Pt-
based intermetallic electrocatalysts, Pt3Sn intermetallic NPs
have attracted extensive attention because they exhibit high
activity and stability towards MOR and EOR along with high
tolerance to CO poisoning in acidic media.28–31

The development of a synergetic effect through the strong
interactions of Pt and metal oxides on carbon supports is
another efficient strategy for improving the Pt activity and
durability for MOR and EOR.32–34 The role of the metal oxides is
not only to generate strong interactions with Pt to alter the
electronic properties of Pt and so increase the electrocatalytic
performance, but also to facilitate the removal of COads on the
adjacent Pt active sites at low potentials by providing OHads

species.12 Among various metal oxide materials, SnO2 has been
widely employed for enhancing MOR and EOR activity due to its
low cost, generation of OH species at low potentials, and
formation of strong interactions with Pt.1 For instance, Li et al.35

prepared a Pt–SnO2/graphene composite with strong Pt–SnO2

interactions, resulting in higher electrocatalytic activity and
durability for MOR than that of Pt/graphene. Compared with Pt/
NCNC (nitrogen-doped carbon nanocages), Pt-0.5SnOx/NCNC
displayed a better EOR performance in acidic medium because
OH species generated on the SnOx sites were benecial for the
oxidative removal of CO species adsorbed at Pt sites.36 There-
fore, it is crucial to precisely control the contact between the Pt
NPs and metal oxides on a carbon support to form Pt–metal
oxide interfaces, thus leading to strong interactions between Pt
and themetal oxides and high electrocatalytic activity. However,
the precise control of the contact between themetal and oxide is
still a challenge to achieve through traditional methods in
which the metal oxides are deposited on Pt NPs supported on
carbon supports, or the Pt NPs are deposited on metal oxides
supported on carbon supports.

In this work, we propose a facile strategy to prepare Pt3Sn–
SnO2 supported on N-doped graphene (NG) by the in situ
transformation of Pt–Sn/NG. The in situ transformation of Pt–
Sn/NG to Pt3Sn–SnO2/NG not only induces the formation of
ordered Pt3Sn NPs and SnO2, but also precisely controls the
contact between Pt3Sn and SnO2 to generate strong Pt3Sn–SnO2

interactions. The Pt3Sn–SnO2/NG catalyst displayed excellent
electrocatalytic activity and stability towards MOR and EOR.
Furthermore, the Pt3Sn–SnO2/NG catalyst showed high CO
tolerance. These results provide important clues for the rational
design of highly active and stable Pt-based ordered intermetallic
electrocatalysts for fuel cell applications.

Results and discussion

Scheme 1 illustrates the synthesis process for the Pt3Sn–SnO2/
NG electrocatalyst by the in situ transformation of Pt–Sn/NG.
The Pt–Sn alloy NPs were rstly synthesized and then they
were anchored on the surface of NG. Through annealing at
300 �C in an air atmosphere for 1 h, the Pt–Sn alloy NPs
transformed into two different NPs of Pt3Sn and SnO2 which
were in close contact on the surface of NG. The morphological
structures of the as-prepared catalysts were characterized by
transmission electron microscopy (TEM). Fig. S1† displays the
This journal is © The Royal Society of Chemistry 2020
TEM images of the Pt–Sn alloy NPs uniformly dispersed on the
surface of NG with average sizes of ca. 3.4 nm. It is obvious that
the density of the NPs on the surface of NG increased aer the
annealing treatment (Fig. 1a), mainly due to the transformation
of the Pt–Sn alloy NPs into Pt3Sn and SnO2 NPs. The high-
resolution TEM (HRTEM) image (Fig. 1b) shows crystalline
fringes with interplanar spacings of 0.231 nm and 0.200 nm,
corresponding to the (111) and (200) lattice spacings of the face
centered cubic (fcc) structurally-ordered Pt3Sn NPs. The inter-
planar spacings of 0.237 nm and 0.335 nm derive from the (200)
and (110) lattice spacings of the SnO2, indicating the formation
of SnO2 NPs during the Pt–Sn/NG synthesis. More importantly,
the HRTEM image of the Pt3Sn–SnO2/NG catalyst indicates that
every Pt3Sn NP is in close contact with one or more SnO2 NPs
rather than being in separated depositions of Pt3Sn NPs and
SnO2 NPs on the surface of the NG. This suggests that the in situ
transformation of Pt–Sn/NG is an effective strategy for precisely
controlling the contact between Pt3Sn and SnO2. This precisely
J. Mater. Chem. A, 2020, 8, 592–598 | 593
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controlled contact between Pt3Sn and SnO2 is benecial for
enhancing the Pt performance for the oxidation of alcohol
because it ensures strong interactions between the metal and
metal oxides and it provides OHads species.37,38 Elemental
mapping (Fig. 1c) shows that Pt, Sn, N and O are uniformly
distributed in the Pt3Sn–SnO2/NG catalyst. The atomic ratio of
Pt/Sn in the Pt3Sn–SnO2/NG catalyst was estimated to be about
3 : 1 based on inductively coupled plasma mass spectrometry
(ICP); this is in good agreement with the formation of Pt3Sn NPs
on NG as observed in the TEMmeasurements. Furthermore, the
average size of the Pt3Sn NPs in the Pt3Sn–SnO2/NG catalyst is
about 3.2 nm, which is smaller than that of the ordered Pt3Sn-
anchored NG prepared by direct annealing of a disordered
Pt3Sn alloy on NG in an atmosphere of 10% H2/90% N2

(Fig. S2†). The nding suggests that the in situ transformation
method can effectively control the size of the Pt3Sn NPs.

The structures of the Pt3Sn–SnO2/NG and Pt–Sn/NG catalysts
were further characterized by X-ray diffraction (XRD). As shown
in Fig. 2a, the Pt–Sn/NG catalyst shows diffraction peaks located
at 39.3�, 45.9�, and 66.8�, corresponding to the Pt (111), (200),
and (220) planes, which indicate a typical fcc structure for Pt.
These peaks in the Pt–Sn/NG catalyst are shied to lower
diffraction angles in comparison with the peaks in a commer-
cial Pt/C catalyst, as a result of the formation of the Pt–Sn alloy
NPs on NG.39 In addition, the broad diffraction peak centered at
about 26� can be ascribed to the graphite structure (002) of NG.
Compared with the Pt–Sn/NG catalyst, the diffraction peaks in
the Pt3Sn/NG catalyst are negatively shied, suggesting the
formation of Pt3Sn NPs aer the direct annealing treatment of
the disordered Pt3Sn/NG catalyst. The XRD pattern of the Pt3Sn–
SnO2/NG catalyst not only indicates the formation of Pt3Sn NPs
through the broader diffraction peaks in comparison with those
of the Pt3Sn/NG catalyst, but also conrms the formation of
Fig. 2 (a) XRD patterns of the Pt3Sn–SnO2/NG, Pt–Sn/NG, Pt3Sn/NG
and Pt/C catalysts. (b) High-resolution Pt 4f spectra of the Pt3Sn–
SnO2/NG, Pt–Sn/NG, Pt3Sn/NG and Pt/C catalysts. High-resolution (c)
Sn 3d and (d) N 1s spectra of the Pt3Sn–SnO2/NG, Pt–Sn/NG and
Pt3Sn/NG catalysts.

594 | J. Mater. Chem. A, 2020, 8, 592–598
SnO2 NPs on NG aer annealing the Pt–Sn alloy NPs at 300 �C in
air; this is also consistent with the result of the TEM analysis.
The Pt loadings on the Pt3Sn–SnO2/NG, Pt–Sn/NG and Pt3Sn/NG
catalysts were 12.2 wt%, 14.3 wt% and 14.9 wt%, respectively
according to the ICP analysis. X-ray photoelectron spectroscopy
(XPS) was carried out to study the surface structures and
compositions of the different catalysts, as shown in Fig. S3† and
2b–d. The XPS spectra of the Pt 4f region for Pt3Sn/NG (Fig. 2b)
can be deconvoluted into two peaks corresponding to metallic
Pt(0) and Pt(II) species located at 71.45/74.79 and 72.74/76.02 eV,
respectively. For the Pt3Sn–SnO2/NG catalyst (Fig. 2b), the
binding energies located at 71.55/74.79, 72.65/76.02, and 73.83/
77.97 eV can be attributed to the 4f7/2/4f5/2 peaks of Pt(0), Pt(II)
and Pt(IV) species, respectively. The Pt 4f binding energies for
various catalysts are listed in Table S1†. Table S1† clearly indi-
cates that the Pt 4f binding energies for the Pt3Sn–SnO2/NG
sample are negatively shied in comparison with those of the
Pt/C catalysts, which can be attributed to the increased Pt–Pt
distances and the tuning of the Pt electronic structure caused by
the ordered incorporation of Sn into the Pt lattices.39 The
downshi of Pt 4f in Pt3Sn–SnO2/NG may effectively lower its
CO affinity and so inhibit CO adsorption on the Pt surface,
leading to the increased activity of the catalyst for MOR and
EOR.40,41 Fig. 2c shows that the Pt–Sn/NG has binding energies
at 485.56/494.09 and 487.08/495.5 eV, corresponding to Sn(0)
and Sn(II/IV) species, respectively, due to the close binding
energies between Sn(II) and Sn(IV).42 The Sn 3d binding energies
for various catalysts are summarized in Table S2†. Compared
with the Pt–Sn/NG catalyst, the content of the Sn(0) species in
the Pt3Sn/NG catalyst is signicantly increased while the
content of the Sn(II/IV) species is decreased, arising from the
ordered Pt3Sn intermetallic. It is obvious that the Pt3Sn–SnO2/
NG catalyst shows a lower content of Sn(0) species and a higher
content of Sn(II/IV) species in comparison with the Pt3Sn/NG
catalyst, which can mainly be attributed to the formation of
Pt3Sn–SnO2 on NG. Fig. 2d shows that the annealing treatment
at 300 �C in air did not signicantly change the content of the
different N doping congurations in NG.

Tolerance to poisoning is crucial for maintaining Pt activity
for MOR and EOR in DAFCs. CO stripping tests were rst
applied to evaluate the capability of various catalysts for CO
oxidation (Fig. 3). The onset potentials for CO oxidation on
Pt3Sn–SnO2/NG, Pt3Sn/NG, Pt–Sn/NG and Pt/C catalysts are
about 0.33 V, 0.38 V, 0.43 V and 0.83 V, respectively. In
comparison with Pt/C, the lower onset potential of Pt3Sn/NG
(0.38 V) can be attributed to the bifunctional and/or ligand
effects due to the incorporation of Sn into the Pt lattice, facili-
tating CO oxidation at relatively low potentials. The reduction
by 50 mV of the onset potential for CO oxidation on the Pt3Sn–
SnO2/NG catalyst in comparison with that of the Pt3Sn/NG
catalyst is mainly due to the synergetic effect between Pt3Sn
and SnO2, resulting in the occurrence of CO oxidation at lower
potentials. The Pt/C catalyst shows only one CO oxidation peak
at ca. 0.89 V while the other catalysts display three peaks for CO
oxidation at lower potentials. The multi-peaks for CO oxidation
can be attributed to the presence of multi-active sites for CO
oxidation. The peak potentials for the Pt3Sn–SnO2/NG catalyst
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 CO stripping patterns recorded on Pt3Sn–SnO2/NG, Pt–Sn/NG,
Pt3Sn/NG and Pt/C in 0.5 M H2SO4.
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are at about 0.47 V, 0.71 V and 0.78 V, which are lower than the
corresponding peak potentials for the Pt3Sn/NG catalyst (0.49 V,
0.72 V and 0.82 V). This nding further suggests that the
synergetic effect between Pt3Sn and SnO2 can facilitate CO
oxidation. The electrochemically active surface area (ECSA) of
the as-prepared samples was calculated from the oxidation of
a monolayer of CO and are summarized in Table S3†.43

Cyclic voltammograms (CVs) as shown in Fig. 4a obviously
demonstrate that there are no well-dened adsorption/
desorption peaks for Pt3Sn/NG and Pt3Sn–SnO2/NG because
the insertion of Sn into the Pt lattice depresses hydrogen
regions.39 As shown in Fig. 4b and S4,† it is obvious that the
Pt3Sn–SnO2/NG catalyst has a higher electrocatalytic activity
Fig. 4 Catalytic activity for EOR. (a) CV curves of different catalysts in
0.5 M H2SO4 solution with a sweep rate of 50 mV s�1. (b) CV curves of
different catalysts in 0.5 M H2SO4 + 1 M CH3CH2OH solution with
a sweep rate of 50 mV s�1. (c) Linear sweep voltammograms of
different catalysts in 0.5 M H2SO4 + 1 M CH3CH2OH solution with
a sweep rate of 50 mV s�1. (d) The masses and specific activities of
different catalysts at 0.7 V in 0.5 M H2SO4 + 1 M CH3CH2OH solution.

This journal is © The Royal Society of Chemistry 2020
towards EOR than that of the Pt–Sn/NG, Pt3Sn/NG and Pt/C
catalysts. The Pt3Sn–SnO2/NG catalyst achieved the lowest
onset potential of 0.31 V as shown in Fig. 4c, which was lower
than those of Pt–Sn/NG (0.44 V), Pt3Sn/NG (0.39 V) and Pt/C
(0.62 V), indicating that the Pt3Sn–SnO2/NG catalyst more
easily catalyzes EOR. The Pt3Sn–SnO2/NG catalyst shows the
highest specic activity and mass activity towards EOR over the
full potential range (Fig. S5†). The specic activity (Fig. 4d) of
the Pt3Sn–SnO2/NG catalyst is 0.86 mA cm�2 at 0.7 V, higher
than that of the other catalysts. More importantly, the mass
activity for the Pt3Sn–SnO2/NG catalyst is 469 mA mgPt

�1 at
0.7 V, which is 3.06, 3.97 and 10.65 times higher than those of
Pt–Sn/NG (153 mA mgPt

�1), Pt3Sn/NG (118 mA mgPt
�1) and Pt/C

(44 mA mgPt
�1), respectively. The peak current density of EOR

for the Pt3Sn–SnO2/NG catalyst (Fig. S6†) is higher than those of
most reported catalysts, as shown in Table S4†. These ndings
indicate that the Pt3Sn–SnO2/NG catalyst possesses both a low
onset potential and a high activity towards EOR, resulting from
the synergetic effect between Pt3Sn and SnO2. In addition, the
annealing temperature of Pt–Sn/NG in air affects the EOR
activity as shown in Fig. S7.† Fig. S7a† shows that the annealing
of Pt–Sn/NG at 200 or 400 �C resulted in poor EOR activity in
comparison with that of the catalyst annealed at 300 �C, which
can be attributed to the different morphologies of the catalysts
(Fig. S7b–f†). The annealing of Pt–Sn/NG at 200 �C does not
form the unique structure in which one Pt3Sn NP is in close
contact with one or more SnO2 NPs, while the annealing of Pt–
Sn/NG at 400 �C results in agglomeration of the NPs due to the
partial oxidation of NG at 400 �C in air. Compared with Pt–Sn/
NG, the lower mass activity of the Pt3Sn/NG is likely due to its
larger particle size (Fig. S2†).

Besides high catalytic activity, excellent stability is a key
factor for the commercialization of DEFCs. The stability of the
as-prepared catalysts towards EOR were studied by the chro-
noamperometric curves as shown in Fig. 5a. It is clearly
observed that the current density for all catalysts gradually
decreases with testing time. The Pt3Sn–SnO2/NG catalyst
displays a much higher mass current density in comparison
with those of the Pt–Sn/NG, Pt3Sn/NG and Pt/C catalysts during
the tests. The Pt3Sn–SnO2/NG catalyst still retains a mass
activity of 202 mA mgPt

�1 at a voltage of 0.7 V aer 3600 s
(Fig. 5b), which is higher than those of Pt–Sn/NG (55 mA
mgPt

�1), Pt3Sn/NG (45 mA mgPt
�1) and Pt/C (17 mA mgPt

�1). We
also evaluated the durability of each catalyst for EOR using
accelerated durability tests (ADTs) in which 5000 cycles were
performed between 0.05 and 1.2 V at a scan rate of 50 mV s�1 in
0.5 M H2SO4 solution containing 1 M CH3CH2OH (Fig. 5c and
S8†). As shown in Fig. 5d, the Pt3Sn–SnO2/NG catalyst retains
about 48% of its initial mass activity, whereas the Pt3Sn/NG
catalyst, which does not have interactions with SnO2,
decreases by about 64% of its initial mass activity. The Pt3Sn–
SnO2/NG catalyst has more than 3 times the stability of the Pt/C
catalyst which retains only about 15% of its initial mass activity
in the same ADT conditions. Aer the ADT test, it was obvious
that serious ripening or aggregation of the Pt NPs had occurred
in the Pt/C catalyst; the Pt NPs increased in size from 3–5 to 8–
25 nm (Fig. S9†). In contrast, the size of the Pt3Sn NPs in the
J. Mater. Chem. A, 2020, 8, 592–598 | 595

https://doi.org/10.1039/c9ta10886f


Fig. 5 Catalytic activity for EOR. (a) Chronoamperometric curves of
different catalysts in N2-saturated 0.5 M H2SO4 + 1 M CH3CH2OH
solution at a constant voltage of 0.7 V for 3600 s. (b) The current
density for different catalysts obtained from (a). (c) Cyclic voltammo-
grams of the Pt3Sn–SnO2/NG catalyst in N2-saturated 0.5 M H2SO4 +
1 M CH3CH2OH solution at a scan rate of 50 mV s�1 during the
durability tests. (d) Changes of peak current densities of EOR during
the potential cycling of different catalysts.
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Pt3Sn–SnO2/NG catalyst increased from 3–5 to only 4–8 nm and
retained a narrow size distribution due to the high stability of
the ordered Pt3Sn intermetallic due to the strong interactions
with the contacted SnO2 (Fig. 1 and S10†).

We also evaluated the performance of Pt3Sn–SnO2/NG as
a catalyst for MOR. As expected, the Pt3Sn–SnO2/NG catalyst
shows high activity and stability towards MOR. As shown in
Fig. 6a and S11,† the Pt3Sn–SnO2/NG catalyst has a lower onset
potential in comparison with those of Pt–Sn/NG, Pt3Sn/NG and
Fig. 6 Catalytic activity for MOR. (a) CV curves of different catalysts in
0.5 M H2SO4 + 1 M CH3OH solution with a sweep rate of 50mV s�1. (b)
Themasses and specific activities of different catalysts at 0.7 V in 0.5 M
H2SO4 + 1 M CH3OH solution. (c) Chronoamperometric curves of
different catalysts in N2-saturated 0.5 M H2SO4 + 1 M CH3OH solution
at a constant voltage of 0.7 V for 3600 s. (d) Changes of peak current
densities of MOR during potential cycling of different catalysts.

596 | J. Mater. Chem. A, 2020, 8, 592–598
Pt/C. At 0.7 V, the mass activity towards MOR is 541 mA mgPt
�1

on the Pt3Sn–SnO2/NG catalyst, outperforming the Pt–Sn/NG
(236 mA mgPt

�1), Pt3Sn/NG (181 mA mgPt
�1) and Pt/C (109 mA

mgPt
�1) catalysts (Fig. 6b). These results indicate that the MOR

activity of the Pt3Sn–SnO2/NG catalyst is 2.29, 2.99 and 4.96
times higher than those of the Pt–Sn/NG, Pt3Sn/NG and Pt/C
catalysts, respectively. The Pt3Sn–SnO2/NG catalyst also shows
the highest specic activity towards MOR (Fig. 6b, S12 and
S13†). Compared with most reported catalysts, the Pt3Sn–SnO2/
NG catalyst (Fig. S14†) shows higher MOR activity (Table S5†).
Aer chronoamperometric measurements at a xed potential of
0.7 V for 3600 s (Fig. 6c), the Pt3Sn–SnO2/NG catalyst still
possesses 314 mA mgPt

�1 of mass activity, which is higher than
those of Pt–Sn/NG (78 mA mgPt

�1), Pt3Sn/NG (65 mA mgPt
�1)

and Pt/C (30 mA mgPt
�1) (Fig. S15†). This nding suggests that

the Pt3Sn–SnO2/NG catalyst has a higher stability than the other
catalysts, which is also conrmed by the ADTs. Aer 5000 cycles,
only 14% of the initial current density is observed for the Pt/C
catalyst (Fig. 6d and S16†) while the Pt3Sn–SnO2/NG catalyst
retains 46% of its initial current density. This nding demon-
strates that the Pt3Sn–SnO2/NG catalyst is more stable for MOR
than the Pt/C catalyst.

The high activity and durability of the Pt3Sn–SnO2/NG cata-
lyst towards EOR and MOR can be ascribed to the synergetic
effect between Pt3Sn and SnO2 and the ordered crystal structure
of the Pt3Sn NPs. The incorporation of Sn into the Pt lattice
improves the activity and stability of the catalyst towards EOR
andMOR through the bifunctional and/or ligand effects. The Sn
in Pt3Sn provides OHads species for adjacent Pt by promoting
water activation at a relatively low potential, facilitating the
oxidation of the CO-like species intermediates produced during
methanol and ethanol oxidation. In addition, the ordered
crystal structure of Pt3Sn NPs increases the performance for
MOR and EOR due to the increase in Pt–Pt distance and the
modication of the Pt electronic structure, which effectively
lowers the CO affinity and inhibits CO adsorption on Pt.40,41 The
fact that SnO2 is in close contact with the Pt3Sn NPs enhances
the MOR and EOR activity through the provision of OHads

species adsorbed on the surface of the SnO2 and the alteration
of the Pt electronic structure due to the strong interactions
between Pt3Sn and SnO2.44 The synergetic effect between Pt3Sn
and SnO2 leads to enhanced MOR and EOR performances for
the Pt3Sn–SnO2/NG catalyst in comparison to those for the
Pt3Sn/NG catalyst.

Conclusions

In summary, we have developed a highly active and stable
Pt3Sn–SnO2/NG catalyst through the in situ transformation of
PtSn/NG by annealing in an air atmosphere. The Pt3Sn–SnO2/
NG catalyst is observed to form an ordered Pt3Sn intermetallic
on the surface of NG, in which each Pt3Sn NP is in close contact
with one or more SnO2 NPs. Compared with commercial Pt/C,
the Pt3Sn–SnO2/NG catalyst possesses higher activity and
stability towards EOR and MOR. In addition, the Pt3Sn–SnO2/
NG catalyst is found to have better CO tolerance than Pt/C. The
high activity and stability of the Pt3Sn–SnO2/NG catalyst is
This journal is © The Royal Society of Chemistry 2020
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attributed to the synergetic effect between the ordered Pt3Sn
and SnO2. The synergetic effect between the ordered Pt3Sn and
SnO2 enhances the activity towards EOR and MOR because the
Sn in both Pt3Sn and SnO2 facilitates the removal of COads on
the adjacent Pt active sites at low potentials by providing OH
species. Moreover, the stability of the catalyst is improved by the
strong Pt3Sn–SnO2 interactions. The results of this work high-
light a reliable strategy for the design of highly active and stable
electrocatalysts for fuel cells through the synergetic effect of
strong interactions between structurally-ordered Pt-based NPs
and metal oxides on supports.
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