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a  b  s  t  r  a  c  t

Highly  catalytic  active  platinum  nanoparticles  supported  on  sulphated  SnO2/multi-walled  carbon  nan-
otube  composites  (Pt–S–SnO2/MWCNT)  are  reported.  As  a  novel  catalyst  support,  S–SnO2/MWCNT
composites  with  both  electron  and  proton  conductivity  can  improve  the  catalytic  activity  and  utiliza-
tion  of  Pt  catalyst  in  direct  methanol  fuel  cell.  X-ray  diffraction  and  transmission  electron  microscopy
show  that  the  sulphated  SnO2 and  Pt nanoparticle  is  coexist  in  the  Pt–S–SnO2/MWCNT  composites
eywords:
lectrocatalyst
olid superacid
ethanol oxidation

roton conductivity
irect methanol fuel cell

and coated  uniformly  on  the  surface  of the  MWCNTs.  Fourier  transform  infrared  spectroscopy  analy-
sis proves  that  the  MWCNT  surfaces  are  modified  with  sulphated  SnO2 and  a high  concentration  of SOx,
and  adsorbed  OH  species  exist  on  the  surface  of  the  sulphated  SnO2. Electrochemical  studies  are  carried
out  using  cyclic  voltammetry,  chronoamperometry  and  CO  stripping  voltammetry.  The  results  indicate
that  Pt–S–SnO2/MWCNT  catalysts  have  much  higher  catalytic  activity  and  CO  tolerance  for methanol
electrooxidation  than  Pt-SnO2/MWCNTs,  commercial  Pt/C  and PtRu/C.
. Introduction

Direct methanol fuel cells (DMFCs) are very promising, as they
re capable of delivering high-power density at low and inter-
ediate temperatures. The basic function of DMFCs involves the

athodic reduction of oxygen and anodic oxidation of methanol
1–3]. The precious metal Pt-based electrocatalysts are widely used
or the anodic and cathodic reactions [4–11]. However, the major
oncerns with Pt-based catalyst is that catalyst poisoning during
he anode reaction due to the adsorption of CO-like intermediates
4,7,12]. The high overpotential for the electrode reaction and poi-
oning of the catalyst significantly reduces the efficiency of fuel
ell. On the other hand, the high cost of Pt-based catalyst is a
arrier in the large scale commercialization of DMFCs. For the suc-
essful commercialization of such devices at low cost, the amount
f Pt catalyst should be reduced significantly without sacrificing
he efficiency of the device. The performance of DMFCs can be
mproved by (i) using nanosized Pt-based electrocatalysts and (ii)
acilitating the easy accesses of the catalyst to the reactants. As a
onsequence, extensive efforts have been directed toward improv-
ng the CO tolerance and reducing Pt loading while maintaining

igh mass current density. Another important consideration is the
nhancement of catalytic activity for methanol oxidation coupling
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with the decrease of catalyst cost which still presents an ongoing
challenge in the development of practical DMFCs.

Up to now, many studies have shown that Pt-based catalysts
decorated with metal oxides such as RuO2–IrO2 [13], MgO  [14],
CeO2 [15], WO3 [16], TiO2 [17], ZrO2 [18], and SnO2 [19] have sig-
nificant promotion effect on the catalytic activity and stability for
the methanol oxidation reactions. However, metal oxide is semi-
conducting and has low electric conductivity. The Pt nanoparticles
deposited on the surface of a thicker metal oxide layer or larger
metal oxide particles, which may  be useless due to poor conduc-
tivity. On the other hand, the large metal oxide particles with small
surface area usually result in the poor dispersion of Pt nanopar-
ticles. Therefore, an ideal support with high electron and proton
conductivity is required not only to improve the catalytic activity,
but also increase the utilization of Pt catalysts.

Sulphated SnO2, also known as SO4
2−–SnO2 solid superacid,

has relatively small particle size, high proton conductivity and
good hydrophilic capacity due to the SO4

2− group on the SnO2
surface [20,21]. It is considered an ideal co-catalyst for methanol
electrooxidation. In recent years, carbon nanotubes (CNTs) have
attracted special attention as catalyst supports in fuel cell applica-
tions owing to their unique properties, such as large surface areas,
high chemical resistivity, and superior mechanical strength. In
addition, the hairlike structure of CNTs allows for entanglements

among nanotubes, enabling better electron conductivity than
traditional carbon systems [22]. So when mixed with CNT and
solid superacid, it can be an ideal support for Pt catalyst in DMFCs,
because the mixed-conducting materials combining a proton

dx.doi.org/10.1016/j.jpowsour.2011.10.017
http://www.sciencedirect.com/science/journal/03787753
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onductor and an electron conductor. Thus, they can transport
rotons and electrons at the same time.

Herein we developed a kind of novel and efficient electrocat-
lyst, sulphated SnO2 modified multi-walled carbon nanotubes
omposites as a new support of Pt catalysts (Pt–S–SnO2/MWCNTs),
or methanol oxidation. The special catalyst structure will increase
he catalytic activity and utilization of Pt catalysts due to the
igh proton conductivity of sulphated SnO2 and electron con-
uctivity of CNTs. The materials were characterized by Fourier
ransform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
igh-resolution transmission electron microscopy (HRTEM). Cyclic
oltammetry (CV), chronoamperometry and impedance spec-
roscopy were used to evaluate their catalytic activities and
urability for methanol oxidation.

. Experimental

.1. Synthesis of S–SnO2/MWCNT supported Pt
Pt–S–SnO2/MWCNT) electrocatalyst

For preparing S–SnO2/MWCNT composites, multi-walled car-
on nanotubes, hydrous tin(II) chloride (SnCl2·2H2O), ammonia
NH3) and sulphuric acid (H2SO4) were used as the starting

aterial, precipitating agent and sulphating agent, respectively.
wenty-eight percent NH3 aq. was gradually dropped into
nCl2·2H2O solution (0.20 M)  with appropriate amounts of MWC-
Ts and the mixture was adjusted to pH 10, the mixture was  stirred

or 24 h. Then the obtained SnO2·nH2O sol was washed with dis-
illed water using centrifuge till chloride ions were not detected
y silver nitrate (AgNO3), dried at 110 ◦C for 24 h and ground. The
nO2·nH2O and MWCNT composites were added to 0.50 M H2SO4
ith vigorously stirring for 15 min, then was filtrated and dried at

0 ◦C. After that, the powder was calcinated at 550◦C under N2 flow
or 1 h, the S–SnO2/MWCNT supports thus prepared is denoted as
–SnO2/MWCNTs, the S–SnO2 content was 50% by weight in the
atalyst supports. For comparison, the SnO2/MWCNT composites
ere also obtained with the same process without H2SO4 added.

Afterwards, S–SnO2/MWCNT powder and appropriate amounts
f hexachloroplatinic acid hydrate (H2PtCl6·6H2O) were dispersed
n 50 mL  Millipore water to prepare a suspended solution. A freshly
repared solution of NaBH4 was added dropwise into the above
olution under vigorous stirring. After 30 min, the product is col-
ected by centrifugation, washed several times with H2O and
thanol, the obtained catalyst was dried in a vacuum oven at 70 ◦C
vernight, then the 20 wt%  Pt loading on the S–SnO2/MWCNT sup-
ort catalysts was obtained denoted as Pt–S–SnO2/MWCNT. For
omparison, Pt–SnO2/MWCNT composites with the same contents
f Pt were also obtained directly by reducing the Pt precursor in
nO2/MWCNT suspension using the addition of NaBH4 at room
emperature.

.2. Measurement

Electrochemical reactivity of the catalysts was  measured by
yclic voltammetry (CV) using a three-electrode cell at the PARSTAT
273 potentiostat controlled by PowerSuite® software (Princeton
pplied Research). The working electrode was a gold plate cov-
red with a thin layer of Nafion-impregnated catalyst. As a typical
rocess, the catalyst ink was prepared by ultrasonically dispersed
bout 1 mg  catalyst in the 25 �L mixture of Nafion solution (20%
afion and 80% ethylene glycol) for 30 min. After casting the cat-

lysts ink onto a polished planar gold patch (1.0 cm × 1.0 cm), the
lectrodes were air-dried at 80 ◦C for 1 h. Pt gauze and a saturated
alomel electrode (SCE) were used as counter electrode and refer-
nce electrode, respectively. All potentials in this report are quoted
Fig. 1. FT-IR spectroscopy of S–SnO2/MWCNT (a) and SnO2/MWCNT (b) composites.

versus SCE. CV test was conducted at 50 mV  s−1 in a solution of
1 M HClO4 with 1 M CH3OH, potential ranging from −0.2 to 1.0 V.
The oxidation of pre-adsorbed CO was measured by CO stripping
voltammetry at a scan rate of 20 mV  s−1. All the electrochemical
measurements were conducted under 25 ◦C.

The morphology of Pt–S–SnO2/MWCNT composites were inves-
tigated using high-resolution transmission electron microscopy
(HRTEM, JEOL model JEM-2100) operated at 200 kV. The XRD pat-
terns of the as-prepared products were investigated via a Bruker
powder diffraction system (model D8 Advanced), using Cu K� as
the radiation source at the operating voltage of 40 kV and a scan
rate of 6◦ min−1. The FT-IR spectra were recorded in the range of
4000–400 cm−1 on a Spectrometer (GX FT-IR, Perkin Elmer, CA,
USA), equipped with a DTGS detector. Each spectrum was an aver-
age of accumulation of 32 scans at a resolution of 4 cm−1. The
EDS analysis was carried out at 150 kV using an OXFORD INCA
300 energy dispersive X-ray spectrometer attached to a scanning
electron microscope.

3. Results and discussion

3.1. IR spectra analysis of the S–SnO2/MWCNT composites

Infrared spectra of S–SnO2/MWCNT and SnO2/MWCNT compos-
ites are illustrated in Fig. 1. The spectra were used to investigate
the structure of sulphur on SnO2 nanoparticles. Several absorp-
tion peaks in the 800–1300 cm−1 region were observed in the
spectrum of the S–SnO2/MWCNTs, but not in the spectrum of
the SnO2/MWCNTs. In Fig. 1a, the broad peaks between 800 cm−1

and 1300 cm−1 assigned to the S O or S–O stretching frequency
are the characteristic peaks. For S–SnO2/MWCNT samples, S–SnO2
nanoparticles are nanometer, so the fine structure splitting of IR
spectra disappears, only broad bands between 1300 and 800 cm−1

showed attributing to the sulphated vibrational modes. This
implies the presence of high-concentration SOx bonded tightly with
Sn, which leads to a high proton conductivity [23,24]. The strong
and broad band detected in the region of 3200–3600 cm−1 and the
weak peak at around 1631 cm−1 in curve (b) of Fig. 1 can be assigned
to the deformation vibration mode of the adsorbed water [25]. It
is well known that the oxidation of CO requires an adsorbed OH
species adjacent to the adsorbed CO. Sulphated SnO2 can adsorb and

dissociate more water than non-sulphated SnO2, which produces
more hydroxyl groups. Thus the COads on the surface of Pt during
the methanol oxidation are much easier to be oxidized according
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Pt (2 2 0) reflection plane by using the Debye–Scherrer equation
was about 2.8 nm,  in good agreement with the values obtained by
HRTEM analysis.
Fig. 2. TEM and HRTEM image

o the bifunctional mechanism [26], releasing the active sites of Pt
or further electrochemical reaction [27].

.2. TEM analysis of the Pt–S–SnO2/MWCNT composites

Fig. 2 shows the typical TEM and HRTEM images of the
t–S–SnO2/MWCNT composites. It can be seen from low-resolution
EM image that the Pt and S–SnO2 nanoparticles are homo-
eneously dispersed on the sidewalls of the MWCNTs without
ggregation. The HRTEM micrograph reveals further that Pt and
–SnO2 nanoparticles attached on the sidewalls of the MWCNTs
nd the coating is rather uniform and thin, the diameter of the
t particles is about only 2–6 nm with a mean value of 3.0 nm.
t and S–SnO2 nanoparticles can be easily identified from the
rystal lattice pattern. The presence of Pt and S–SnO2 nanopar-
icles can be further confirmed in the XRD results discussed as
he following. Thus, two-dimensional Pt–S–SnO2/MWCNT com-
osites were obtained by using MWCNT as support materials.
ecause of high proton conductivity of sulphated SnO2, those Pt
atalysts deposited on S–SnO2 surface can also been used for
ethanol electro-oxidation increasing the utilization of Pt cata-

yst.
The elemental composition of the Pt–S–SnO2/MWCNT compos-

tes was characterized by EDS and the corresponding results are
hown in Fig. 3. It can be observed that on the Pt–S–SnO2/MWCNT

lectrodes, Pt, S, Sn, O and C are the major elements, which confirm
hat Pt and S–SnO2 were dispersed on the MWCNT surface.

Fig. 3. EDS patterns of the Pt–S–SnO2/MWCNT composites.
–S–SnO2/MWCNT composites.

3.3. XRD analysis of the Pt–S–SnO2/MWCNT composites

Fig. 4 shows the XRD patterns of Pt–S–SnO2/MWCNTs
and S–SnO2/MWCNTs compared with Pt–SnO2/MWCNTs and
SnO2/MWCNTs. The diffraction peaks of Pt, S–SnO2 can be observed
in the patterns of Pt–S–SnO2/MWCNTs catalysts, indicating their
coexistence in the samples. The diffraction peaks at ca. 40◦, 46◦,
68◦, and 81◦ can be ascribed to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
planes of the face-centered cubic (fcc) structure of platinum. And
there is no shift in any of the diffraction peaks of platinum in
the Pt–S–SnO2/MWCNTs and Pt–SnO2/MWCNT catalysts, indicat-
ing that the addition of S–SnO2 and SnO2 has no effect on the
crystalline lattice of platinum. The other phase showed a diffrac-
tion peak at around 26◦, which is related to the crystalline nature
of the graphitic structure of the CNTs. The diffraction peaks at ca.
34◦, 53◦, and 66◦ in the XRD patterns of S–SnO2/MWCNTs and
SnO2/MWCNTs can be attributed to the (1 0 1), (2 1 1) and (3 0 1)
faces of tetragonal SnO2, respectively. The breadth of the XRD peaks
also indicated that small Pt and S–SnO2 crystallites were obtained.
The average crystallite size of Pt nanoparticles calculated from the
Fig. 4. XRD analysis of Pt–S–SnO2/MWCNT, S–SnO2/MWCNT and SnO2/MWCNT
composites.
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was found on the Pt/C electrode. The peak potentials of CO
oxidation showed the same order as the onset potentials:
Pt–S–SnO2/MWCNTs (0.44 V) < Pt–SnO2/MWCNTs (0.50 V) < Pt/C
(0.59 V). These results demonstrate that CO can be oxidized more
ig. 5. Cyclic voltammograms of various electrodes at a scan rate of 50 mV s−1 in
.0 M HClO4 + 1.0 M CH3OH aqueous solution.

.4. Electrochemical properties of Pt–S–SnO2/MWCNT composites

The electrochemical properties of Pt–S–SnO2/MWCNT com-
ared with Pt–SnO2/MWCNT, and commercial Pt/C (E-TEK)
atalysts have been investigated by CV in 1 M HClO4 and 1.0 M
H3OH aqueous solutions and the corresponding CVs are shown

n Fig. 5. The typical CVs of methanol oxidation can be observed
n both electrodes. From Fig. 5, it can clearly be seen that the
urrent density of the Pt–S–SnO2/MWCNTs catalyst is higher
han that of the Pt–SnO2/MWCNTs and commercial Pt/C cat-
lyst. The peak current densities obtained at the potential of
bout 0.7 V in the forward scan for Pt–S–SnO2/MWCNTs, PtRu/C,
t–SnO2/MWCNTs and Pt/C catalysts are 13.16 A cm−2, 12.6 A cm−2,
0.6 A cm−2 and 8.7 A cm−2, respectively. The Pt–S–SnO2/MWCNT
atalyst displays a current density 1.24 times higher than that of
he Pt–SnO2/MWCNTs, 1.1 and 1.51 times than commercial PtRu/C
nd Pt/C catalysts. The onset potential in the positive direction
f methanol oxidation on the Pt–S–SnO2/MWCNTs was 0.24 V,
hich is lower than the PtRu/C (0.25 V), Pt–SnO2/MWCNT (0.26 V)

nd Pt/C (0.28 V) catalysts. Current density and onset potential of
ethanol oxidation are two important parameters to evaluate the

erformance of electro-catalysts. The lower onset potential and
igher peak current density of methanol oxidation indicate higher
atalytic activity of Pt-based catalyst. Sulphated SnO2 is a proton
onductor and can dissociate H2O under lower potentials than SnO2
ith had been discussed in the FTIR section to supply OHads for CO

xidation produced during the methanol oxidation on the surface
f Pt, as a support for a Pt catalyst it may  facilitate the utilization of
he catalyst for methanol oxidation.

The catalytic activities and stability of Pt–S–SnO2/MWCNT com-
ared with Pt–SnO2/MWCNT and commercial PtRu/C, Pt/C catalysts
or methanol oxidation has also been investigated by chronoam-
erometric tests and the corresponding curves are shown in
ig. 6. As shown, at 0.45 V the initial current densities of the
t–S–SnO2/MWCNT were significantly higher than those of the
t-SnO2/MWCNT and PtRu/C, Pt/C catalysts indicating the higher
ouble-layer charging. In general, methanol was continuously oxi-
ized on the catalyst surface when the potential was  fixed at
.45 V, many reaction intermediate species such as adsorbed CO
ould begin to accumulate on the surface of Pt catalysts dur-

ng the oxidation of methanol. In general, if the kinetics of the

emoval for intermediate species is poor, the decreases of the
urrent density will be fast, a gradual decay of current density
ith time implies that the catalyst has good anti-poisoning ability.
Fig. 6. Chronoamperograms of various electrodes at 0.45 V in 1.0 M HClO4 + 1.0 M
CH3OH aqueous solution.

The current decayed more slowly for the Pt–S–SnO2/MWCNT than
the two others catalysts indicating less accumulation of adsorbed
CO species. This implies that the Pt–S–SnO2/MWCNT compos-
ite exhibits higher catalytic activity and better stability than the
PtRu/C, Pt–SnO2/MWCNT and Pt/C composite.

All the above CV and chronoamperometry results indicate
that the Pt–S–SnO2/MWCNT catalyst exhibits higher catalytic
activity and CO tolerance for methanol oxidation than the
Pt–SnO2/MWCNTs and Pt/C catalyst. Since CO species are the
main poisoning intermediate, a good catalyst for methanol electro-
oxidation should possess excellent CO electro-oxidizing ability,
which can be reflected from CO stripping test. We  compared the
three catalysts in terms of CO eliminating ability. The CO strip-
ping voltammogram curves were shown in Fig. 7. Much more
differences are observed in the onset potential and peak potential
of CO oxidation. The onset potential for the Pt–S–SnO2/MWCNTs
was at 0.31 V, which was  about 0.1 V lower than that mea-
sured on the Pt–SnO2/MWCNT electrode (0.41 V), showing that
the addition of sulphated SnO2 is more beneficial for CO elec-
trooxidation than SnO2 alone. The highest onset potential (0.51 V)
Fig. 7. CO stripping curves of various electrodes at a scan rate of 20 mV s−1 in 1 M
HClO4.
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asy on Pt–S–SnO2/MWCNTs electrode than on Pt–SnO2/MWCNTs
nd Pt/C electrodes. This can be attributed to the presence of more
bsorbed OH (OHads) on the S–SnO2/MWCNT supports with is
avourable for bifunctional mechanism. But compared with PtRu/C
atalysts, the onset potential (0.29 V at PtRu/C) and peak potential
0.43 V at PtRu/C) of CO stripping at Pt–S–SnO2/MWCNT cata-
ysts are higher than that of PtRu/C, the results show that OH
an be easily formed at the Ru surface, but as well known that
u can be easily dissolved during the oxidation of methanol, so
he Pt–S–SnO2/MWCNT catalysts are more stable than that of
tRu/C catalysts and can be used as potential catalysts in the direct
ethanol fuel cell.

. Conclusions

A novel structurally controlled Pt–S–SnO2/MWCNT catalyst was
repared for direct methanol fuel cell in the presented work. TEM
nd XRD show that the Pt nanoparticles were uniformly dispersed
n the sulphated SnO2-coated MWCNTs. FT-IR analysis indicated
hat SOx and OHads also existed on the surface of the sulphated
nO2. Electrochemical studies using chronoamperometry, cyclic
oltammetry and CO stripping voltammetry found that the struc-
ure of the catalyst and a larger amount of OHads increased the
ynergetic interaction between Pt and sulphated SnO2. The high
lectron and proton conductivities of the Pt–S–SnO2/MWCNT com-
osite increased the rate and current density of methanol oxidation
nd the utilization of Pt catalysts. All these results reveal that the
repared catalyst is a promising anode catalyst for DMFC.
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