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a b s t r a c t

An electrocatalyst support comprising of carbon nanotube and tin oxide (CNT/SnO2) was prepared by an
ethylene glycol mediated synthesis procedure and proposed as an improved catalyst support for direct
methanol fuel cell. CNTs are covered by the porous SnO2 layer which is homogeneously distributed over
CNT surface. PtRu alloy nanoparticles were deposited over this composite material by a hydrothermal
synthesis method. The CNT/SnO2 composite and its supported PtRu catalyst (PtRu/SnO2/CNT) were char-
eywords:
uel cell
NT/SnO2 composite
tRu alloy
ethanol oxidation

acterized by X-ray diffraction, field emission scanning electron microscopy and transmission electron
microscopy. The electrocatalytic activity of PtRu/SnO2/CNT catalyst for methanol oxidation has been stud-
ied by cyclic voltammetry, impedance spectroscopy and chronoamperometry. The results were compared
with Pt/SnO2/CNT and PtRu/CNT catalysts synthesized by the same procedure. PtRu/SnO2/CNT catalyst
shows an electrochemically active surface area of 81.84 m2 g−1

Pt and a mass activity of 890 mA mg−1
Pt .

The presence of SnO2 layer over CNT can further improve the electrocatalytic activity of PtRu alloy
ol ox
nanoparticles for methan

. Introduction

Recently, electro-oxidation of small organic molecules has
ttracted much attention due to the development of direct liquid
uel cells with their high energy density [1]. Therefore a much afford
as been offered on the development of electrocatalyst for the
irect methanol fuel cell (DMFC) in the last two decades [2,3]. Now,
ne of the main goals in DMFC research is to develop electrocatalyst
aving high activity and anti-poisoning ability. It is well known that
he main problem with platinum, the best single metal catalyst for

ethanol oxidation is poisoning of its active sites by the interme-
iates such as COads [4,5]. Up to the present, Ru has been regarded
s best supporting metal for Pt to remove COads and accelerate
ethanol oxidation [6–8]. Recently a trend in catalyst research of

uel cells is emerging out of the advantages of metal oxides in relax-
ng COads on Pt surface. Lee et al. found that RuSnO2 supported
t catalysts showed higher oxidation current in comparison with
t/VulcanXC-72 [9]. Ahn et al. suggested Pt–CeO2 nanocompos-
te thin films prepared by co-sputtering method under optimum

onditions which may serve as a potentially important tool for the
abrication of high performance direct methanol thin film fuel cells
10]. Villullus et al. prepared a Pt–RuO2/Ti electrode by a sol–gel

ethod which exhibited an enhancement effect for the oxidation

∗ Corresponding author. Tel.: +82 2 2123 2847; fax: +82 2 365 5882.
E-mail address: yoonys@yonsei.ac.kr (Y.S. Yoon).
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of methanol that can be interpreted as associated to the formation
of hydrous oxides on the RuO2 surface [11]. Several papers reported
a higher current density of methanol and ethanol oxidation using
SnO2 with Pt catalyst than the pure Pt catalyst [12,13]. Matsui et al.
reported electrochemical oxidation of CO over tin oxide supported
platinum catalyst and found an enhancement of CO tolerance over
Pt/SnOx compared to Pt/C [14]. Saha et al. prepared a composite
electrode by electrochemical deposition of PtRu onto the surface of
SnO2 nanowires directly grown on the carbon paper. They found a
higher oxidation performance than the commercial electrocatalyst
for methanol oxidation [15]. Low durability has been recognized as
one of the most important issues of the proton exchange mem-
brane fuel cells including DMFC [16,17]. It has been found that
presence of SnO2 provide the catalyst material a high durability
[18]. It is because of stability of SnO2 which is very high in dilute
acidic solution. It has been reported that the presence of SnO2 in
the vicinity of Pt catalyst could supply oxygen-containing species
for the oxidative removal of COads species from the Pt surface dur-
ing methanol oxidation [19]. The adsorption and decomposition of
methanol occur at Pt sites while the decomposition of water occurs
over SnO2 sites to form oxygen-containing species which can react
with COads species produced during methanol oxidation. However,

as a catalyst support, the conductance of SnO2 still needs to be
improved. To be used as catalyst support, the materials should have
proper physical properties such as high electron conductivity, sur-
face functional groups, high mechanical strength, high surface area,
a proper pore size, and a proper shape. To enhance the electronic

dx.doi.org/10.1016/j.jallcom.2011.02.087
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
EDS Results of as synthesized catalysts.

Sample Pt:Ru atomic (%)

Nominal content Actual content
618 N. Kakati et al. / Journal of Alloys

roperty, SnO2 can be used with CNT to form composite material to
pply as a catalyst support. However, the conductivity of this com-
osite material can be further improved when the SnO2 particles
re deposited homogeneously over the surface of the CNT. Recently
ang et al. reported a SnO2/graphene hybrid nanocomposite by a
icrowave polyol synthesis which is more efficient than graphene

or supercapacitor [20]. Du et al. [18] proposed a mesoporous SnO2
oated CNTs core sheath nanocomposite prepared by hydrother-
al method as a catalyst support for proton exchange membrane

uel cells (PEMFCs). They found that this catalyst support was more
orrosion resistant than CNT support. Also due to the formation
f mesopores by SnO2 particles can prevent the migration of Pt
anoparticles thereby preventing aggregation. However, Ru is more
ffective than SnO2 in promoting COads electro-oxidation at rela-
ively higher potential [21,22]. Therefore we use both Ru and SnO2
ith platinum to minimize the poisoning effect of COads on plat-

num active sites.
It has been found that tin oxide material is difficult to deposit

ninterruptedly over the CNT surface by a solution route; there-
ore it becomes difficult to completely exploit the benefit of this

aterial. In this article we have reported an ethylene glycol (EG)
nd polyvinyl pyrrolidone (PVP) assisted simple and efficient solu-
ion based synthesis method for the CNT/SnO2 composite. We have
eposited Pt–Ru alloy nanoparticles on the surface of synthesized
omposite material by hydrothermal process. Hydrothermal con-
ition can provide a uniform environment for the nucleation and
rowth of metal particles. The electrocatalytic activity of the mate-
ial has been reported here.

. Experimental

.1. Synthesis of CNT/SnO2 composite

0.05 g SnC2O4·2H2O (partially dissolved in 3 ml EG), 0.25 g PVP (dissolved in
ml EG) and 0.1 g MWCNTs were added to the solution mixture with 10 ml of
G. Prior to use, raw MWCNTs were treated with 70% nitric acid at 120 ◦C for
h to increase their hydrophilicity. The solution mixture was then hosted in a

ound bottom flask and refluxed at 195 ◦C under the ambient pressure. The solu-
ion had been refluxed under constant stirring for two and half hour and then
he reaction was stopped. After cooling down the solution to room temperature
he precipitates were collected by centrifugation at 8000 rpm followed by washing
ith ethanol and water to remove physically adsorbed PVP and EG. The precipi-

ates were then dried at 80 ◦C in an oven. After that the composite was annealed
or 1 h at 300 ◦C. For the deposition of PtRu nanoparticles the surface activation
f the composite material is necessary. Therefore we have treated the compos-
te material with 5 M HNO3 for 6 h. Then the composite material was again dried
t 80 ◦C in an oven for overnight. Now the material is ready for use as a catalyst
upport.

.2. Preparation of electrocatalysts and characterization of materials

PtRu/SnO2/CNT was prepared by using H2PtCl6·6H2O and RuCl3 as the metal
ource and using ethylene glycol (EG) as reducing agent under hydrothermal
ondition. Briefly the preparation procedure consisted of the following steps:
.0 ml 0.05 M H2PtCl6·6H2O and 2.0 ml 0.05 M RuCl3 aqueous solution was mixed
ith 30 ml of EG. The atomic composition of Pt and Ru was 1:1. To adjust

he pH value, 0.4 M KOH was added dropwise under magnetic stirring until
t reaches to 8. About 70 mg of pretreated CNT/SnO2 were added into the
olution, and the solution was sonicated for 1 h. After 3 h of magnetic stir-
ing the solution was transferred into an autoclave container and sealed to
erform hydrothermal treatment at 150 ◦C for 5 h. The resulting suspension
as filtered and washed with copious distilled water and ethanol respectively.

he resulting catalyst paste was finally dried at 80 ◦C in a vacuum oven for
vernight.

To compare the electrocatalytic performance of PtRu/SnO2/CNT, PtRu/CNT
Pt:Ru = 1:1) and Pt/SnO2/CNT were also prepared using the same method.
X-ray diffraction (XRD) analysis was carried out on a Rigaku X-ray diffractometer
ith Cu K� radiation (� = 1.5418 Å). The morphology and dispersion of the sam-
les were observed on a TEM (JEM-4010, JEOL) equipped with an EDS detector.
ESEM and energy dispersive spectroscopy (EDS) for quantitative analysis of the
amples were carried out with a (FESEM JSM-6700F, JEOL) coupled with INCA energy
ispersive X-ray spectroscopy.
Pt/SnO2/CNT 50:0 50:0
PtRu/SnO2/CNT 50:50 50.1:49.9
PtRu/CNT 50:50 55:45

2.3. Electrochemical analysis for the catalysts

Cyclic voltammetry, chronoamperometry and impedance measurement were
carried out on electrochemical workstation IM6e (Zahner) in a three-electrode test
cell at room temperature. The impedance spectra were recorded between 100 kHz
and 100 mHz. The working electrode was a glassy carbon electrode having a diam-
eter of 3 mm. 5 mg of the sample was dissolved in 2 ml of 0.05% nafion solution and
then sonicated for 30 min. After that 5 �l of the slurry was injected and spread on
the glassy carbon electrode. The electrode was then dried at 80 ◦C. At this amount of
slurry the catalyst loading was about 0.178 mg cm−2 based on this geometric area.
A saturated calomel electrode (SCE) and a Pt wire were used as the reference and
counter electrodes respectively. All electrolytes were deaerated by bubbling pure N2

for 20 min and protected with a nitrogen atmosphere during the entire experimental
procedure.

3. Results and discussion

Fig. 1 presents the FESEM images showing the structure of the
CNT/SnO2 and PtRu/SnO2/CNT. It can be clearly observed that CNTs
are homogeneously covered by the SnO2 layer with a porous mor-
phology. To facilitate electron transport during the electrochemical
reactions, a porous structure of the support is suitable for maxi-
mum contact with fuel or oxidant and strong interaction between
the catalyst and the support [9]. The key step of formation of a
homogeneous and porous SnO2 layer can be described on the basis
of oligomerization of tin glycolates [23]. At the initial stage of
refluxing, the oxalate groups of SnC2O4 were replaced gradually by
ethylene glycol units through the formation of Sn–O– covalent and
Sn←OH coordination bonds and subsequently deposited onto the
CNT surface. As refluxing was continued tin glycolates underwent
several steps of intermediate reactions and eventually formation
of uninterrupted grains and further self assembled to cover the
surface of CNTs. From the morphology of the composite material
it can be confirmed that SnO2 layer can protect the CNT surface
from the electrochemical corrosion and prevents Pt–Ru nanoparti-
cles agglomeration. The process of formation of catalyst structure
is shown in Scheme 1.

From the TEM image of a single CNT covered with PtRu/SnO2,
we can observe that the particles are dispersed uniformly on the
surface of the CNT. Although it is difficult for us to distinguish
between PtRu and SnO2 particles in Fig. 2a we have calculated the
particle size from the XRD results by using Scherrer formula. In
Fig. 2b, EDS line spectra clearly show the structural information of
the catalyst. It has been observed from the EDS line spectra that
the PtRu alloy nanoparticles are deposited homogeneously on the
CNT/SnO2 composite. The results of the EDS analysis are given in
Table 1 which shows the nominal content and actual content of the
catalysts.

Fig. 3 shows the XRD patterns of the CNT/SnO2 nanocomposite,
Pt/SnO2/CNT, PtRu/SnO2/CNT and PtRu/CNT electrocatalysts. For
CNT, generally the peak associated with the (0 0 2) diffraction is
located at about 26.0◦. Here the SnO2 (1 1 0) and CNT (0 0 2) peaks
are completely overlapped with one another. Further the (1 0 1),
(2 1 1) peaks for SnO2 were broad and indicates a small size of the

SnO2 nanoparticles. The average particle size of the SnO2 was cal-
culated from Scherrer formula and found 5.3 nm. For Pt and PtRu
the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) peaks were observed. The aver-
age particle size of PtRu in PtRu/SnO2/CNT and PtRu/CNT were 2.5
and 3.1 nm respectively and for Pt nanoparticles in Pt/SnO2/CNT
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Fig. 1. FESEM images of (a) and (b) CNT/SnO2 composite and (c) and (d) PtRu/SnO2/CNT catalyst.

Scheme 1. Schematic diagram of the formation of catalyst supported on CNT/SnO2 composite.
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Fig. 2. (a)TEM image of PtRu/SnO2/CNT catalys

as 3.5 nm. In case of PtRu alloy nanoparticles Pt fcc structure
lightly shifted to higher 2� which corresponds to a decrease in
attice constant compared to pure platinum fcc structure due to
he incorporation of Ru atoms [24].

The Pt or PtRu decorated CNT/SnO2 composite was further
videnced by a series of electrochemical experiments. In Fig. 4
he hydrogen absorption peaks appeared in the potential range
etween 0.08 and 0.13 V. The potential of hydrogen absorption
eak for PtRu/CNT was found little higher than the catalysts pre-

ared using CNT/SnO2 composite. This potential difference reveals
he presence of a strong interaction between catalyst particles
ith SnO2 particles [25]. The electrochemically active surface area

SEAS) is calculated from the following equation based on hydrogen
dsorption–desorption (area with oblique lines in Fig. 4) voltame-
(b) EDS line spectra of PtRu/SnO2/CNT catalyst.

try.

SEAS =
Q1

G × Q2
(1)

where Q1 is the charge quantity consumed from integrated in
CV curves for hydrogen adsorption–desorption in micro-Coulomb
(�C), G represents the total metal loading (�g) in electrode, Q2 is
the charge required to oxidize a single layer saturation coverage
hydrogen on Pt surface area of 210 (�C cm−2) [26]. The calcu-

lated value of SEAS for Pt/SnO2/CNT is 205.90 m2 g−1, while that
for PtRu/SnO2/CNT and PtRu/CNT are 81.84 m2 g−1 and 134 m2 g−1.
The active sites of Pt decreases due to alloy formation with ruthe-
nium in case of PtRu/SnO2/CNT and PtRu/CNT catalysts. In case of
PtRu/SnO2/CNT platinum active sites may be further blocked by the
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Fig. 3. XRD patterns of the composites.

nO2 particles. However these SEAS values look abnormally higher
s compared to SnO2 modified PtRu/C catalyst prepared by Wang
t al. despite of having a smaller particle size calculated from XRD
27]. A high value of SEAS for all the catalysts can be attributed to
he porous structure of the catalyst support. These values were also
ound higher than the catalysts synthesized by Saha et al. [12,15]
sing SnO2 nanowire on carbon paper. It is worth mentioning that
sing CNT as the support for SnO2 particles provides higher surface
rea with improved electrical properties than using carbon black
nd SnO2 particles as support material.

Fig. 5 compares the CV currents for PtRu/SnO2/CNT with
tRu/CNT and Pt/SnO2/CNT electrocatalysts. All electrochemi-
al experiments were done in solution mixture containing 1 M
ethanol and 0.5 M H2SO4 solution. As seen from Fig. 5 the

tRu/SnO2/CNT catalyst had a higher current density of about
7 mA cm−2 at 0.80 V than the PtRu/CNT (49 mA cm−2 at 0.80 V) and
t/SnO2/CNT (10 mA cm−2 at 0.92 V) catalysts. The PtRu/SnO2/CNT
lectrocatalyst showed a lower onset potential (0.33 V) than the
tRu/CNT catalyst (0.37 V) and Pt/SnO2/CNT catalyst (0.45 V). The
orward peak current density (If) is generally regarded as methanol
xidation on non-poisoned catalysts, while the backward peak
urrent density (Ib) is associated with methanol oxidation on
egenerated catalysts (after the removal of the carbonaceous inter-
ediate) [28]. The If to Ib ratio, is an index of the catalyst tolerance

o the poisoning species. A higher ratio indicates more effective
emoval of the poisoning species on the catalyst surface. The ratio
s found almost ten times higher for the PtRu/SnO2/CNT than the
tRu/CNT and thirty times higher than Pt/SnO2/CNT. Mass activity
MA) of the catalysts has been introduced and defined as follows
29]:

A = ip
md
× 103 (2)

ere ip (mA cm−2) is the peak current density obtained from for-
ard oxidation peak, and md (�g cm−2) is the loading mass of Pt.
he loading mass of Pt can be calculated based on the mass of
2PtCl6. The MA has significant implications for fuel cells, because

he cost of electrode largely depends on the total catalyst used.
rom Fig. 5 the maximum MA value of the PtRu/SnO2/CNT cata-
yst can be obtained and it is 890 mA mg−1, which is higher than
Fig. 4. Cyclic voltametry curves of (a) Pt/SnO2/CNT (b) PtRu/SnO2/CNT and (c)
PtRu/CNT in N2 saturated solution of 0.5 mol L−1 H2SO4 at room temperature and
a scan rate of 20 mV s−1.

PtRu/CNT (769 mA mg−1) catalyst and Pt/SnO2/CNT (134 mA mg−1)
catalyst prepared by the same method. Such a high value of mass
activity may be achieved due to homogeneous and porous SnO2
layer over CNT which enhances the electronic properties of the cat-
alyst support. Also hydrothermal synthesis provides homogeneous
dispersion of catalyst particles.

The high durability of the power sources is one of the main
requirements for practical applications. The long term stability of
the electrocatalysts was observed by plotting current–time (i–t)
curves in Fig. 6 at a fixed potential of 0.60 V. PtRu/SnO2/CNT has
a higher current at all time than PtRu/CNT electrocatalyst and
Pt/SnO2/CNT. The decay ratio (ratio of maximum current to min-
imum current in Fig. 6) of current density on the PtRu/SnO2/CNT
(1.33) is also found less than PtRu/CNT (1.83) and Pt/SnO2/CNT

(5.55) which implies enhanced electrocatalytic activity and bet-
ter tolerance to poisoning species of PtRu/SnO2/CNT catalyst.
The impedance patterns of the Pt/SnO2/CNT, PtRu/SnO2/CNT and
PtRu/CNT electrocatalysts in an N2 saturated solution of 0.5 mol L−1
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Fig. 5. Cyclic voltametry curves of the catalysts in N2 saturated solution of 1 mol L−1

CH3OH and 0.5 mol L−1 H2SO4 at room temperature and a scan rate of 20 mV s−1.

Fig. 6. Chronoamperometry curves of the catalysts in N2 saturated solution of
1 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at room temperature and a fixed potential
of 0.6 V.

F
C

H
T

�

Table 2
Electrochemical Properties of as synthesized catalysts.

Sample SEAS (m2 g−1
Pt ) MA (mA mg−1

Pt ) If/Ib Decay ratio

[4] U.A. Paulus, U. Endruschat, G.J. Feldmeyer, T.J. Schmidt, H. Bonnemann, R.J.
ig. 7. Impedance spectra of the catalysts in N2 saturated solution of 1 mol L−1

H3OH and 0.5 mol L−1 H2SO4 at room temperature and a fixed potential of 0.5 V.

2SO4 and 1.0 mol L−1 CH3OH at 25 ◦C at 0.5 V are shown in Fig. 7.

he Faradaic admittance of methanol electrooxidation is [30]:

F =
1

Rct
+ B

a+ jω
(3)
Pt/SnO2/CNT 205.90 134 1.85 5.55
PtRu/SnO2/CNT 81.84 890 56.4 1.33
PtRu/CNT 134 769 5.76 1.83

where Rct = (�E/�IF)ss is the charge transfer resistance at steady
state of the electrode reaction. Its value is always positive. IF is
the Faraday current. It can be seen from figure that the (Rct) for
methanol electrooxidation on PtRu/SnO2/CNT is lower than that of
the PtRu/CNT and Pt/SnO2/CNT. Thus the performance of the CO
tolerance on the PtRu/SnO2/CNT catalyst is higher than that on the
other two catalysts.

It is observed from all the electrochemical results (Table 2) that
the presence of SnO2 can further improve the electrocatalytic activ-
ity of the catalyst for methanol oxidation when used with Pt and Ru.
PtRu/SnO2/CNT exhibits better electrochemical activity towards
methanol oxidation than the other two catalysts although it shows
lower SEAS value. Sn sites predominantly adsorb OHads and H2Oads
[31]. The removal of COads on Pt and Ru sites proceeded via its
reaction with OHads on Sn sites. Once the COads on Ru sites were
electro-oxidized, OHads were produced on Ru sites at a faster rate
than SnO2 sites. During the methanol electro-oxidation, COads also
could migrate from Pt sites to Ru sites [27], and therefore addition
of SnO2 with PtRu provides an additional route for OHads formation
and hence accelerates methanol oxidation.

4. Conclusions

CNT/SnO2 composite was prepared by an ethylene glycol (EG)
assisted simple and efficient solution based synthesis method. Pt
or PtRu alloy catalyst particles were deposited by a hydrother-
mal process. SnO2 particles were homogenously distributed over
the CNT surface. We have found that presence of SnO2 along
with Ru further enhances the catalytic activity of Pt for methanol
oxidation. Although the electrochemically active surface area for
PtRu/SnO2/CNT was found lower than Pt/SnO2/CNT and PtRu/CNT,
it shows greater activity for methanol oxidation at room tem-
perature. The catalysts showed a very high mass activity for
methanol oxidation. The high catalytic activity of the catalyst can be
attributed to homogeneous and porous SnO2 layer over CNT which
enhances the catalyst and fuel interaction.
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