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ABSTRACT: The interaction within heterogeneous nanostructures can provide
a great opportunity to radically enhance their electrocatalytic properties and
increase their activity and durability. Here a rational, simple, and integrated
strategy is reported to construct uniform and strongly coupled metal—metal
oxide—graphene nanostructure as an electrocatalyst with high performance. We
first simply synthesized the interacted SnO,—prGO (protected and reduced
graphene oxide) hybrid with SnO, nanoparticles (~4 nm) selectively anchored
on the oxygenated defects of rGO using an in situ redox and hydrolysis reaction.
After the deposition of Pt, uniform Pt NPs are found to contact intimately and
exclusively with the SnO, phase in the SnO,—prGO hybrid. This constructed
nanostructure (Pt-SnO,—prGO) exhibits significantly improved electrocatalytic

activity (2.19-fold) and durability (2.08-fold) toward methanol oxidation over that of the state-of-the-art Pt/C catalyst. The
detailed explanation of the strong coupling between SnO, and graphene as well as between Pt and SnO, is discussed, revealing
that such a process can be used to immobilize various metal catalysts on metal-oxide-decorated catalysts for realizing advanced

catalytic systems with enhanced performance.
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1. INTRODUCTION

Heterogeneous nanostructured material exhibits not only the
intrinsic properties of constitutive components but also the
synergy between support and the supported phase as well.'™
The most cited reasons are the so-called support interaction,
tuning the electronic and chemical properties of the active
phase to achieve better performance via chemical bonding and
associated charge transfer at the interface.” Unfortunately, with
respect to fuel cell technology, carbon materials, widely used as
electrocatalyst supports, are categorized as a current collector
with high surface area rather than a “real” support for platinum
nanoparticles (Pt NPs) in the sense of the heterogeneous
catalyst, because of its inherent lack of interaction with metal.®”
Often, it is found that metal-metal oxide nanostructures
exhibit surprisingly high catalytic activity and durability, which
has been attributed to “strong metal—support interaction”
(SMSI)*”~® or even “electronic metal—support interaction”
(EMSI).'® Additionally, strong chemical attachment and
electrical coupling between metal oxide and nanocarbon (e.g,
carbon nanotube, graphene) have been extensively reported."!
As we know, metal oxide suffers from insufficient electrical
conductivity and low surface area, which are the prerequisites
for the support of the electrocatalyst.® In this context,
combining metal oxide and nanocarbon might be a solution
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to develop a proper heterogeneous nanostructured electro-
catalyst.

Tin oxide (SnO,) was selected as the metal oxide phase due
to its features including cocatalytic functionality,' electronic
interaction with Pt stability in a harsh environment,'> and
low price and environmental benignity. Graphene (or reduced
graphene oxide, rGO) has inspired a flurry of interest due to its
extraordinary properties such as high specific surface area,
excellent conductivity, and relatively high anticorrosion.'"'*
Although great strides have been achieved toward the
preparation of SnO,—rGO nanocomposite for battery
application,">™"” the same progress has not been attained in
fuel cells, because the electrocatalyst is typically surface- and
interface-sensitive.'® For the synthesis of cocatalytic as well as
robust SnO,—rGO for Pt support, four major obstacles need to
be addressed: (i) the synthesis of high surface-exposed SnO,
nanocrystals which are able to create strong linkage with Pt but
difficult to be stabilized; (ii) selective and direct contact
between SnO, and Pt; (iii) sufficient interaction between SnO,
and rGO to improve the electrical conductivity of the hybrid;
(iv) the restacking of rGO sheets and the corrosion on the
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oxygenated defect cluster (~30% domain of rGO)."
Unfortunately, to our knowledge, there are no studies to
solve the above problems. In this work, by integrating the
interfacial interaction of Pt-SnO, and SnO,—graphene, the
resulting strongly coupled Pt-SnO,—rGO could possess the
complementary advantages of tin oxide and graphene, thus
enhancing the electrocatalytic performance of Pt NPs.

Herein, we rationally construct SnO,—prGO (protected and
reduced graphene oxide) nanostructured hybrids for the
application of Pt NPs support. This approach is based on the
in situ redox and hydrolysis reaction between SnCl, and GO,
which conceptually makes the full advantages of metal oxide
and graphene phase. As a result, the SnO,—prGO hybrid
exhibits an exciting and desirable nanostructure where ultrafine
SnO, NPs are exclusively anchored on the defects of rGO and
protected from corrosion, as well as surrounded by a
conductive graphene-like network. Most notably, after the
deposition of Pt on the SnO,—prGO support, uniform Pt NPs
are found to contact intimately and exclusively with SnO, NPs,
which enable the cocatalytic effect from the SnO, phase.
Relative to Pt-rGO and Pt/C, the strongly coupled Pt-SnO,—
prGO nanostructured hybrid electrocatalyst exhibits a signifi-
cantly improved electrocatalytic activity and durability toward
the methanol oxidation reaction (MOR). It is proposed that the
improved performance is the result of the synergistic effect
from the interactions between SnO, and graphene as well as
between Pt and SnO,.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Graphite was purchased from Alfa Aesar,
SnCl,-2H,0 was purchased from Aladdin Industrial, Inc., and
H,PtCls-6H,0 was purchased from Shanghai July Chemical
Co., Ltd. Unless otherwise stated, all the reagents were of
analytical grade and used as received without further
purification.

2.2. Synthesis of SnO,—prGO. The graphite oxide was
synthesized from natural graphite powder on the basis of the
improved Hummers method.*® After ultrasonication of the
graphite oxide dispersion for 30 min, a homogeneous GO
aqueous dispersion (3.05 mg/mL) was obtained. In a typical
preparation of SnO,—rGO, 3.28 mL of GO aqueous dispersion
was diluted into 70 mL, and then 50 mg of SnCl,-2H,0 was
added. After 20 min of ultrasonication treatment, the mixture
was heated at 70 °C for 3 h, and then it was transferred into a
Teflon-lined autoclave with a stainless steel shell and heated at
120 °C for 12 h. The resultant black products were washed
with water and ethanol for several times, isolated by
centrifugation, and finally dried at 50 °C in an oven.

2.3. Loading of Pt on SnO,—prGO. The Pt-SnO,—prGO
electrocatalyst was prepared using the modified formate
process.”"** First, 20 mg of SnO,—prGO hybrid was dispersed
into 20 mL of ethylene glycol (EG) by ultrasonication. Then, a
predetermined amount of H,PtCls aqueous solution was
dropwise added. After vigorous stirring for 30 min, 100 mg
of sodium formate was added. The mixture was heated at
around 50 °C for 2 h under continuous magnetic stirring. After
cooling to room temperature, the product was washed with
ethanol and water for several times, isolated with centrifugation,
and then dried at 50 °C in an oven. For comparison, hydrazine-
reduced rGO sheets were loaded with Pt NPs using the same
process, and Pt/C was synthesized through the conventional
polyol method.** The Pt loading of the as-prepared catalyst was
controlled as 20 wt %.

2.4. Material Characterization. Powder X-ray diffraction
(XRD) measurement was performed using the Rigaku D/Max-
2200 vpc with Cu Ka radiation. The product morphology and
microstructure were studied by transmission electron micros-
copy (TEM; FEI, Tecnai 12, 100 kV) and high-resolution
transmission electron microscopy (HRTEM; JEOL, JEM-
2100HR, 200 kV). The high-angle annular dark field-scanning
transmission electron microscope (HAADF-STEM) images
and element analysis mapping were obtained with Tecnai G*
F20 S-TWIN HRTEM. The surface properties of the samples
were analyzed with X-ray photoelectron spectroscopy (XPS,
Thermo-VG Scientificc ESCALAB 250) using an Al Ka X-ray
source. The zeta potentials were measured on a Zetasizer Nano
ZS (Malvern Instruments, Southborough, U.K.).

2.5. Electrochemical Measurements. The electrochem-
ical measurements were carried out with a standard three-
electrode system on an IM6ex electrochemical workstation
(Zahner, Germany) using a platinum foil and a saturated
calomel electrode (SCE) as the counter and reference
electrode, respectively. For convenience, all the electrode
potentials are referenced to a reversible hydrogen electrode
(RHE). To prepare the catalyst suspension, S mg of catalysts
were first dispersed in a 2.5 mL aqueous solution containing
1.25 mL of isopropanol and 50 uL of 5 wt % Nafion solution
via ultrasonication for 15 min. Then, an aliquot of catalyst
suspension was pipetted onto the prepolished glassy carbon
electrode, leading to a Pt loading of about 31.83 g cm™ for all
catalysts. The catalyst films were dried overnight before
electrochemical measurements.

In order to get rid of any effect due to the Nafion film, the
working electrodes were treated by continuous cyclic
voltammetry (CV) between 0.05 to 1.2 V at a scan rate of 50
mV s~ until a steady CV was obtained in N,-saturated 0.5 M
H,SO, solution. Electrochemically active surface area (ECSA)
was calculated by integrating the hydrogen absorption charges
in the last cycle. The methanol oxidation experiments were
conducted in a 2 M CH;0H + 0.1 M H,SO, electrolyte at a
scan rate of 50 mV s™'. Chronoamperometry (CA) curves were
recorded at 0.80 V in a solution of 2 M CH;0H + 0.1 M
H,SO, for 4 h to investigate the long-term performance of the
as-prepared electrocatalysts. For CO stripping voltammetry,
CO gas was purged into N,-saturated 0.5 M H,SO, at a
position close to the working electrode for 20 min. After the
excess CO was purged out with N, for 20 min, the CO
stripping voltammetry was performed at a scan rate of 10 mV
¢!

3. RESULTS AND DISCUSSION

3.1. Morphology and Structural Characterization.
Figure 1 shows the XRD patterns of GO, SnO,—prGO and
Pt-SnO,—prGO. GO has a sharp diffraction peak at 10°
corresponding to a (002) interplanar spacing of 0.88 nm.
However, for the resultant SnO,—prGO hybrid, the diffraction
peak of layered GO disappeared, which might be attributed to
the reduction of GO." In addition, no apparent diffraction
peak of graphene can be observed, implying that SnO,
nanocrystals were efficiently deposited on the graphene surface
and prevented the restacking of graphene sheets. Moreover, all
peaks in the pattern of this hybrid can be unambiguously
indexed to tetragonal rutile SnO, structure (JCPDS card no.
40-144S). The average crystallite from broad XRD peaks
corresponded to about 4.3 nm, suggesting the ultrafine size of
SnO,. For the as-synthesized Pt-SnO,—prGO, the SnO, phase
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Figure 1. XRD pattern of GO, SnO,—prGO, and Pt-SnO,—prGO.

still remains the original rutile structure, meanwhile, two
additional peaks that located at about 39.8° and 46.2° can be
indexed to the face centered cubic (fcc) structure of pure Pt.
X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface composition and chemical states of the
species in as-synthesized samples. Figure 2a shows the survey
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Figure 2. Survey XPS spectrum of Pt-SnO,—prGO (a). Sn 3d
spectrum of SnO,—prGO (b). C 1s spectra of GO and SnO,—prGO
(c). O 1s spectra of GO and SnO,—prGO (d).

spectrum of Pt-SnO,—prGO, where four elements including C,
O, Sn, and Pt were detected. In the formation of the SnO,—
prGO hybrid, both the oxidation of Sn** and the reduction of
GO should be involved: (1) the existence of SnO, was
confirmed by Sn 3d spectrum in Figure 2b where two
symmetrical peaks at 495.8 and 487.4 eV are ascribed to
Sn*;'%* (2) the reduction of GO is confirmed by significantly
improving the intensity of sp*-hybridized C—C bonds at 284.8
eV, decreasing the oxygen-containing carbon including
hydroxyl and epoxide C—O group at 286.8 eV, carbonyl C=

O group at 287.8 eV, and carboxyl O—C=0O group at 289.0
eV,” as analyzed from the deconvoluted C 1s spectra of as-
prepared GO and SnO,—prGO hybrid in Figure 2c. However, a
small amount of oxygenated groups (O—C=0 and C—0) still
remain in rGO, which can be also found in SnO,/rGO
composites, even though the amount of Sn*" is excessive. Such
remaining oxygenated species probably afford the interfacial
interaction between SnO, NPs and rGO sheets, which can be
further corroborated by comparing the deconvoluted O 1s
spectra of SnO,—rGO with that of GO (Figure 2d). The peak
at the binding energy of 531.2 eV corresponds to the lattice
oxygen of SnO, (Sn—0—5n)*® and C=0 groups, whereas the
peak at $33.8 €V is assigned to molecular water.”” Interestingly,
the additional two peaks of SnO,—prGO cannot be assigned to
the C—OH and/or C—O—C peak centered at 532.6 eV of GO,
which indicates that the change of chemical environment for
certain oxygenated species occur after the deposition of SnO,
NPs. The chemical shift of the O 1s spectrum is related to
electronegativity of bonded atoms. Because the Sn—O-—Sn
specie has lower O 1s binding energy than that of C—O—C
species, the peak at 532.1 and 533.0 eV might be assigned to
the bond between SnO, and the remaining oxygenated groups,
that is, Sn—O—C and Sn—O0*—C=O0, respectively. Addition-
ally, considering the small size of SnO, NPs in SnO,—prGO,
the peak at 532.1 eV should be ascribed to Sn—O—H species
on the surface of SnO, NPs as well*® As a result, we believe
that the oxygen bridge is the contributor for the linkage
between SnO, NPs and rGO. More interestingly, the SnO,—
prGO exhibit a novel and exciting structure; that is, all
oxygenated defects of rGO are bonded with SnO, NPs, whereas
the graphene-like domain are exposed.

The morphology of SnO,—prGO and Pt-SnO,—prGO
samples was further elucidated by TEM. Figure 3a shows that
the SnO,—prGO have sheet-like morphology with some
corrugations, whereas a large number of ultrafine SnO, NPs
are homogeneously dispersed on the rGO sheets. Several
darker nanoparticles can be observed in the magnified TEM
image (Figure S1), suggesting the overlap of SnO, NPs which
are anchored on both sides of rGO sheets. The HRTEM image
of SnO,—prGO could provide more information about
structure such as particle size and crystal lattice. Two well-
defined lattice spacings of ~0.26 and ~0.33 nm correspond to
the (101) planes and (110) planes of rutile SnO,, respectively
(Figure 3d). The particle size of SnO, is about 4 nm, which is
in agreement with the XRD result. It is generally acknowledged
that smaller particles have a higher tendency to aggregate and
decrease the surface area, especially in nanoscale. However,
both ultrafine and uniformly dispersed SnO, NPs are obtained
in the present system. Combined with the XPS result, this
specific phenomenon can be ascribed to the interfacial
interaction between SnO, and rGO, which is strong enough
to stabilize ultrafine SnO, NPs.

To investigate the distribution of Pt NPs on SnO,—prGO,
the atomic-number-sensitive HAADF-STEM and elemental
mapping of Sn, O, and Pt were used. Figure S2 and Figure 3b
show the bright-field TEM image and HAADF-STEM image of
Pt-SnO,—prGO, respectively. There is no obvious distinction in
bright-field TEM image before and after the deposition of Pt on
SnO,—prGO. But the atomic-number-sensitive HAADF-STEM
image reveals that Pt NPs are also highly dispersed on the
SnO,—prGO hybrid, which is also confirmed by the elemental
mapping of Sn, O, and Pt (Figure 3c) on the selected area of
HAADF-STEM. In contrast, the Pt NPs directly on rGO sheets
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Figure 3. TEM images of SnO,—prGO (a). HAADF-STEM image of Pt-SnO,—prGO (b). Elemental mapping for Sn, O, Pt, and the overlap of these
three elements (c). HRTEM images of SnO,—prGO (d) and Pt-SnO,—prGO (e, f) (the Pt NPs are marked by black arrow).

display a certain degree of aggregation (Figure S3), suggesting
that ultrafine SnO, NPs can improve the dispersion of Pt NPs.
To gain further insight into the detailed nanostructure, we
distinguished between Pt NPs and SnO, NPs through carefully
measuring the lattice fringe of all nanoparticles in high-
resolution TEM of Pt-SnO,—prGO, as shown in Figure 3e/f.
Remarkably, it can be also seen that Pt NPs with about 3 nm in
diameter are selectively attached to SnO, NPs. The inset image
of Figure 1d further shows that crystalline Pt NPs (0.23 nm
corresponding to the (111) planes of fcc Pt) are directly
attached at the grain boundaries of the SnO, NPs, indicating
that Pt NPs interact strongly with the surfaces of the SnO, NPs.

3.2. Possible Mechanism for the Formation of SnO,—
prGO and Pt-SnO,—prGO. The possible mechanism for the
formation of SnO,—prGO and Pt-SnO,—prGO is schematically
depicted in Scheme 1. First, GO sheets, a precursor of
graphene, have been recognized as anionic surfactant which
possesses both hydrophilic (oxygen-rich domain) and hydro-

Scheme 1. Schematic Illustration of the Preparation of the
Pt-SnO,—prGO Electrocatalyst

% graphene-like domain

oxygen-rich domain

phobic (carbon-rich graphene-like domain) segments.”>*’

Therefore, when mixed with GO aqueous solution, Sn**
cations are attracted on negative charged oxygen-rich domains
of GO via electrostatic attraction, which are confirmed by the
reversed zeta potential (after adding SnCl,, the zeta potential is
found to be shifted from —65.2 to 46.2 mV). Moreover, Sn** is
an effective (E°(Sn*'/Sn**) = 0.151 V) and efficient (two-
electron transfer process) reducing agent. In this contribution,
the strongly coupled SnO,—prGO hybrid, where ultrafine SnO,
NPs are not only exclusively anchored on the defects of rGO
and protected them from corrosion but also surrounded by the
conductive graphene-like network as well, can be successfully
synthesized via the in situ redox and hydrolysis reaction
between GO and SnCl,. In order to suppress the hydrolysis of
Sn** in solution and ensure the predominance of the in situ
reaction between the reactants, the mixture of SnCl, and GO
aqueous solution must be stirred first at relatively high
temperature. Otherwise, the phase separation of SnO, (white
color) and SnO,—prGO (black color) was visible to the naked
eye (Figure S4).

Second, the selective deposition of Pt NPs on the surface of
SnO, can be explained on the basis of the unique structure of
SnO,—prGO. The oxygenated groups of the graphene phase
which serve as the nucleation site for Pt have already bonded
covalently with SnO, NPs, although for the SnO, phase, the
hydroxyls (OH) terminated on the surface of ultrafine SnO,
NPs are exposed. It has been substantially reported that OH
groups of metal oxides are capable of stabilizing noble metal
nanoparticles.”***" To further probe the interaction between
Pt and SnO,, the binding energy of Pt 4f in Pt-SnO,—prGO,
Pt-rGO, and Pt/C were detected by XPS. Figure S5 shows the
Pt 4f spectra, where the Pt-rGO and Pt/C electrocatalyst
exhibits two similar peaks at 71.5 and 74.9 €V. However, these
Pt 4f peaks shifted to lower binding energies (about 0.5 eV) as
for the Pt-SnO,—prGO, indicating the strong metal support
interaction (SMSI) between Pt and SnO,.***

In light of the above characterization and discussion, we
believe that the complementary and interacted SnO,—prGO
hybrid have been successfully synthesized via an in situ and
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synergetic strategy. We expect that the resulting Pt-SnO,—
prGO nanostructured hybrid electrocatalysts with strong
coupling could fully utilize the metal oxide and graphene
phase to improve the activity and durability.

3.3. Electrochemical Performance of Pt-SnO,-rGO.
The electrocatalytic properties of the Pt-SnO,—prGO nano-
structured hybrid toward methanol electro-oxidation were
benchmarked against both Pt-rGO and Pt/C. Figure 4a
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Figure 4. CV curves (a) and loss of forward peak current density with
the number of CV cycles (b) on Pt-SnO,—prGO, Pt/C, and Pt-rGO in
2 M CH;OH + 0.1 M H,SO, solution with a sweep rate of 50 mV s™".

shows the cyclic voltammograms (CVs) in 0.1 M H,SO, and
2.0 M CH;0H solution at a scan rate of SO mV s~ The
forward peak current density of the Pt-SnO,—prGO electro-
catalyst is 739.8 mA mgp, ~', which is 2.19 times and 4.36 times
higher than the Pt/C (337.6 mA mg™'p,) and Pt-rGO (169.7
mA mg 'p,) electrocatalyst, respectively. The magnified CV
curves (inset in Figure 4a) shows that Pt-SnO,—prGO also
exhibits the lowest onset oxidation potential, because it is
relative to the activation energy for the catalyst to trigger
MOR.** Furthermore, the accelerated stability of as-synthesized
electrocatalyst toward MOR was evaluated by the continued
CV cycles.”® Figure 4b presents the normalized forward peak
current densities with the number of CV cycles, whereas Figure
S6a—c shows the CV curves before and after 1000 cycles. It is
particularly informative that Pt-SnO,—prGO only had a
moderate loss of about 24% of its initial activity after 1000
cycles, which is 2.08 and 3.21 times better than that of Pt/C
(50% loss) and Pt-rGO catalysts (77% loss), respectively. Thus,
it is clearly demonstrated that the Pt-SnO,—prGO hybrid
exhibits remarkably high electrocatalytic activity and durability
toward MOR in contrast to the Pt-rGO and Pt/C.

The electrocatalytic activities and durability were further
revalidated by the long-time chronoamperometry (CA). In
Figure Sa, current decay is observed for all as-prepared catalysts,
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Figure S. CA plots at 0.8 V (a) on Pt-SnO,—prGO, Pt/C, and Pt-rGO
in 2 M CH;0H + 0.1 M H,SO, solution. CO stripping voltammetry
(b) of Pt-SnO,—prGO, Pt/C and Pt-rGO in N,-saturated 0.5 M
H,S0, solution. CV curves (c) of Pt-SnO,—prGO, Pt/C and Pt-rGO
in N,-saturated 0.5 M H,SO, solution before and after 4 h of CA.

ascribed to the formation of some intermediated species (CO 4,
and CHO,4) during the methanol oxidation®” and the
consumption of methanol. During the 4 h period of
measurement, the Pt-SnO,—prGO exhibited the highest
current density with the lowest deterioration rate among as-
prepared catalysts, which is in good agreement with the above
CV results. Compared to Pt/C and Pt-rGO, the retainable and
high output current of Pt-SnO,—prGO can be ascribed to
effectively eliminate the intermediate species adsorbed on the
Pt, which made the active site re-exposed.>**” The intermediate
species oxidation enhanced by SnO,—prGO was confirmed by
CO stripping measurements in 0.5 M H,SO, (Figure Sb). The
onset potential for Pt-SnO,—prGO (0.668 V) was lower than
that of either Pt/C (0.777 V) or PtrGO (0.791 V),
demonstrating that the Pt-SnO,—prGO catalyst can oxidize
the CO,q4, species more efficiently than other catalysts at the
lower potential. According to the above structural character-
ization, the electronic effect and cocatalytic functionality should
be taken into account. First, the SMSI may change the
electronic structure of Pt and thus weaken its binding energy of
poisoning intermediates.'>*' Second, hydroxyls terminated at
the surface of SnO, NPs in SnO,—prGO might oxidize
intermediate species absorbed at adjacent Pt sites. However, the
more detailed mechanism of this promotion still need to be
further investigated.

dx.doi.org/10.1021/am5016606 | ACS Appl. Mater. Interfaces 2014, 6, 10258—10264



ACS Applied Materials & Interfaces

Research Article

To clarify the high durability of Pt-SnO,—prGO electro-
catalyst, CVs in 0.5 M N,-saturated H,SO, solution were
performed before and after the measurement of a 4 h CA test
(Figure Sc). The electrochemical surface areas (ECSA) of as-
prepared catalysts were calculated from these CV curves, and
the results were listed in Table. S1. Pt/C suffered 15% loss in
ECSA and disappearance of Pt oxide formation/reduction
peaks, which may be the result of the Ostwald ripening and
aggregation of Pt as well as the corrosion of the carbon
support.®® It needs to be pointed out that the electrochemical
corrosion of carbon during the operation has been recognized
as another main obstacle precluding their application of
electrocatalyst.”*® For the Pt-rGO, the hydrogen absorption/
desorption region becomes less obvious, and the double-layer
capacitance of rGO is lost significantly, suggesting the severe
corrosion on both Pt NPs and rGO sheets. As measured above,
the Pt-rGO catalyst is poorer in both activity and durability
than Pt/C, which might be ascribed to the separation of Pt
from the electrolyte by the restack of rGO and the corrosion of
the exposed defect cluster on rGO where the Pt NPs were
loaded. However, the CV curves of Pt-SnO,—prGO showed
insignificant change (6% loss in ECSA) in the whole range. In
addition, Figure S7 was the TEM image of Pt-SnO,—prGO
after a 4 h CA measurement, demonstrating no prominent
change for the size or distribution of Pt NPs. Therefore, the
SnO,—prGO possesses a robust structure where the defect
clusters of rGO are protected by SnO, NPs, thus the corrosion
of the support is inhibited in Pt-SnO,—prGO. The moderate
loss in ECSA can be attributed to the stabilization of Pt NPs by
ultrafine SnO, NPs, and hence Ostwald ripening and
aggregation of Pt can be largely avoided.

4. CONCLUSION

In summary, the SnO,—prGO nanostructured hybrid was
synthesized via an in situ and synergetic strategy, and ultrafine
Pt NPs were loaded on this hybrid material. In the obtained Pt-
SnO,—prGO nanostructured electrocatalyst, the rGO sheet can
uniformly disperse ultrafine SnO, NPs and provide the network
of electron conductivity, whereas the resulting SnO, NPs can
protect the defect cluster remained on rGO, stabilize and afford
interaction with Pt NPs. Hence, the significant enhancement of
electrocatalytic performance by the strong metal—support
interaction, cocatalytic functionality, anticorrosion as well as
high surface area and electrical conductivity is achieved.
Electrochemical analyses show this strongly coupled Pt-
SnO,—prGO electrocatalyst exhibits unexpected, surprisingly
high MOR activities and durability, far exceeding that of Pt-
rGO and Pt/C. We also demonstrate that the origin of
improved performance is attributed to not only the intrinsic
properties of metal oxide and graphene but also the synergetic
effect within the whole Pt-SnO,—prGO electrocatalyst. This
work might provide some clues that the utility of strongly
coupled electrocatalyst could open up a brand new approach to
advanced catalyst for energy conversion.
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