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We synthesize, for the first time, a new Pt based catalyst for direct methanol fuel cells using home-
made novel porous anatase TiO2 nanorods as a new catalyst support. Pt nanoparticles are prepared by an
improved ethylene glycol reduction method and supported on the surface of TiO2 with excellent disper-
sion and without any aggregates. The structure and elemental composition of the TiO2 and Pt/TiO2 catalyst
are characterized by transmission electron micrography (TEM), nitrogen sorption, energy-dispersive X-
ethanol electro-oxidation
arbon monoxide tolerance
orous nanorods
itanium dioxide
t nanoparticles
irect methanol fuel cells

ray spectroscopy (EDS) and X-ray diffraction (XRD). The electrocatalytic properties of the Pt/TiO2 catalyst
for methanol and carbon monoxide electro-oxidation reactions are investigated by cyclic voltammetry
(CV) in an acidic medium. Apparent electrocatalytic activity for methanol electro-oxidation reaction,
high carbon monoxide tolerance and good stability are all observed for the Pt/TiO2 catalyst. These may be
attributed to the excellent dispersion of the Pt nanoparticles and the special properties of the TiO2 sup-
port. These results imply that this Pt/TiO2 catalyst has promising potential applications in direct methanol

fuel cells.

. Introduction

Direct methanol fuel cells (DMFCs) have been considered the
deal clean and mobile fuel cell system for portable electronic
evices and transportation applications, because they are superior
o other kinds of fuel cells in terms of weight–volume energy den-
ities, working conditions and so on [1,2]. In an acidic medium, the
ost efficient catalyst for DMFC is a platinum (Pt) based catalyst.

he electrocatalytic activity of catalysts for methanol electro-
xidation is dependent on many factors [3,4]. Of these, the catalyst
upport and its surface condition are essential for the catalyst to
ncrease its electrocatalytic activity [5,6]. In previous studies, a vari-
ty of carbon supports have been investigated based on their high
hemical stability and good electron conductivity and so on [7–10].
owever, because of their hydrophobicity, it is difficult to disperse
t nanoparticles on them. Some papers have reported using oxi-
izing acid or surfactant in a pretreatment step to improve their
urface condition. However, this procedure is complicated and it is

till difficult to get good dispersion of the Pt nanoparticles.

Novel porous anatase TiO2 nanorods were recently reported by
ao et al. [11]. The results of SEM and TEM analysis indicated that
he TiO2 nanorods have a large specific surface area and a porous
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structure, both of which are important in the field of electrocat-
alytic applications [12,13] because of advantages in terms of mass
transport and co-catalytic effects. Hence, in this work and for the
first time, we report on a new Pt based catalyst using novel porous
anatase TiO2 nanorods as catalyst support. We have tested its elec-
trocatalytic properties and stability as a promising potential anodic
electrocatalyst for DMFCs.

2. Experimental

2.1. Preparation of Pt/TiO2 catalyst

The porous anatase TiO2 nanorods support material was pre-
pared by a simple approach, followed by sintering at 500 ◦C, which
is described in detail elsewhere [11]. Pt nanoparticles were sup-
ported on porous TiO2 nanorods by an improved simple one-step
EG method. The results of our experiments have shown that porous
anatase TiO2 nanorods which were sintered at 300 ◦C will decom-
pose in the EG reduction step. This is presumed to be caused by
the lower sintering temperature. In a typical process, the appropri-
ate quantity of H2PtCl6·6H2O in ethylene glycol solution (0.02 M)

was mixed with NaOH in ethylene glycol solution (0.1 M). The ethy-
lene glycol serves as a stabilizer and reducing agent. Porous TiO2
nanorods were then added to the mixed solution and sonicated
for 15 min and the solution stirred at 130–140 ◦C for 4 h. The reac-
tion mixture was cooled to room temperature and dripped with

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:qiuxp@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.05.035


282 X. Guo et al. / Journal of Power Sources 194 (2009) 281–285

catal

K
o
e
7
P
a
T
l
m

2

c

Fig. 1. TEM images of TiO2 and the Pt/TiO2

NO3 (0.1 M) and HCl (0.5 M) successively for 4 h. After stirring
vernight, the product was collected by centrifugation, washed sev-
ral times with H2O and ethanol, and dried in a vacuum oven at
0 ◦C overnight. From this the Pt/TiO2 catalyst was obtained. The
t was controlled to be 20 wt% in the Pt/TiO2 catalyst. Commercial
natase TiO2 nanoparticles were used in the preparation of porous
iO2 nanorods without further treatment. A commercial Pt/C cata-
yst (Pt wt% = 60%, Johnson Matthey) was used in the CO stripping

easurement, without further treatment.
.2. Measurement

The electrochemical activity of the catalysts was measured by
yclic voltammetry (CV) using a three-electrode cell in a PARSTAT
yst: (a, b, and c) TiO2; (d, e, and f) Pt/TiO2.

2273 potentiostat controlled by PowerSuite® software (Princeton
Applied Research). The working electrode was gold plating coated
with a thin layer of Nafion-impregnated catalyst. As a typical pro-
cess, the catalyst ink was prepared by ultrasonic dispersion of about
0.5 mg catalyst in a 15 �L mixture of Nafion solution (20% Nafion and
80% ethylene glycol) and 65 �L DI water for 15 min. After coating the
catalyst ink on to a polished planar gold patch (1.0 cm × 1.0 cm), the
electrodes were air-dried at 80 ◦C for 2 h. Pt gauze and a saturated
mercurous sulfate electrode (Hg/Hg2SO4) were used as the counter

electrode and reference electrode, respectively. All potentials in this
report are quoted vs. Hg/Hg2SO4. The CV test was conducted at
50 mV s−1 in a nitrogen saturated solution of 0.5 M H2SO4 with 1 M
CH3OH, with the potential ranging from −0.63 to 0.55 V. The CO
stripping test was conducted at 20 mV s−1 in a nitrogen saturated
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olution of 0.5 M H2SO4, with the potential ranging from −0.63 to
.55 V. All the electrochemical measurements were conducted at
5 ◦C.

The morphology of the Pt/TiO2 catalyst was investigated using
ransmission electron microscopy (TEM, JEOL model JEM-2011)
perating at 200 keV. The elemental composition of the Pt/TiO2 cat-
lyst was investigated using scanning electron microscopy (SEM,
EOL model JEM-6301F) operating at 15 keV and equipped with an
nergy-dispersive spectrometer (EDS). The X-ray diffraction (XRD)
nalysis was performed using a Rigaku X-ray diffractometer with
Cu K� radiation source. Values of 2� between 10◦ and 90◦ were

canned at a rate of 8◦ min−1 with a step of 0.02◦. The N2 sorp-
ion measurement was performed using Quantachrome QuadraSob
I at 77.3 K and the specific surface area and pore size distribu-
ion were calculated using the Brunauer–Emmett–Teller (BET) and
arrett–Joyner–Halenda (BJH) methods, respectively.

. Results and discussion

.1. TEM analysis and elemental composition of Pt/TiO2 catalyst

TEM images of TiO2 and the Pt/TiO2 catalyst are shown in Fig. 1.
ig. 1a and b shows that porous TiO2 nanorods had been prepared.
ig. 1d and e shows that uniform Pt nanoparticles were deposited
n to the surface of the porous TiO2 nanorods with excellent dis-
ersion and without any aggregation, giving an efficient utilization
f Pt. From Fig. 1c and d, the average particle sizes of TiO2 and Pt
anoparticles were determined to be about 12.2 nm and 2.0 nm,
espectively. EDS data confirms the correct stoichiometry of the
iO2 and Pt/TiO2 catalyst.

.2. N2 sorption and XRD analysis of the Pt/TiO2 catalyst

The N2 sorption isotherms of samples were recorded and results
re shown in Fig. 2a. Both the TiO2 and Pt/TiO2 catalyst show simi-
ar isotherm curves with a weak jump at P/P0 = 0.3–0.5 and another
ump at P/P0 = 0.8–0.9. These jumps are characteristic of porous
olids. The data showing specific surface area and corresponding
ore sizes and pore volumes are summarized in Table 1. The val-
es of BET specific surface area, pore size and pore volume of the
t/TiO2 catalyst are all lower than those of TiO2. This is due to the
act that the Pt nanoparticles were dispersed within the pores of
he porous TiO2 support, leading to blocking of the pore channels
nd a consequent decrease of the measured surface area, pore size
nd pore volume [14].

The XRD patterns of the TiO2 and Pt/TiO2 catalyst are shown in
ig. 2c. From the XRD pattern of TiO2, it can be seen that all of the
iffraction peaks correspond to the pure TiO2 phase, with no impu-
ity peaks, and is in good agreement with the standard spectrum
JCPDS, card no: 21-1272) [7]. From the XRD pattern of the Pt/TiO2
atalyst, it can be seen that four new diffraction peaks appear, which
re in good agreement with the peaks of pure Pt nanoparticles
nd correspond to the face-centered cubic (fcc) crystal structure
15–17].

.3. Electrocatalytic properties of the Pt/TiO2 catalyst

The electrochemical measurements were carried out in a N2 sat-
rated 0.5 M H2SO4 aqueous solution in the absence and presence
f 1.0 M methanol, as shown in Fig. 3a and b. Fig. 3a shows the
ypical cyclic voltammograms (CVs) of TiO2 and Pt/TiO2 catalyst

n 0.5 M N2 saturated H2SO4 aqueous solutions. From curve 2 in
ig. 3a, the normal hydrogen absorption and desorption peaks can
e observed, which is a result of the Pt nanoparticles dispersed on
he surface of the TiO2 support. Fig. 3b shows typical CVs of TiO2 and
he Pt/TiO2 catalyst in N2 saturated 0.5 M H2SO4 + 1 M CH3OH aque-
Fig. 2. (a) Nitrogen sorption isotherms, (b) the corresponding pore size distributions
and (c) XRD patterns for TiO2 and the Pt/TiO2 catalyst.

ous solution. For the TiO2 electrode, the background current (curve
1), which is capacitive in nature due to the double layer capaci-
tance, is much larger, due to the high surface area of the porous TiO2
electrode. However, no current peaks of methanol electro-oxidation
are observed, which indicates that the TiO2 has no electrocatalytic
activity for the methanol electro-oxidation reaction. From curve 2 in
Fig. 3b, two peaks corresponding to methanol electro-oxidation are
observed. These two peaks and their onset potentials are at 0.19 V,
0.00 V and −0.32 V, respectively, values which are more negative
than those of the other catalysts [18]. This may be attributed to
the particular surface properties of the TiO2 support. We believe
that TiO2 may promote the activity of Pt nanoparticles by acceler-
ating the COads electro-oxidation on the surface of Pt according to
a bifunctional mechanism, a mechanism which is supported by the
CO stripping results.

The CO stripping measurement data of Pt/TiO and Pt/C catalysts
2
was obtained from Fig. 3c and d and are shown in Table 1. From
Table 1, a comparison of the CO electro-oxidation curves for both
catalysts reveals that the onset and peak potentials of the Pt/TiO2
catalyst are lower than those of the Pt/C catalyst, which illustrates
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Table 1
Pore structure parameters of TiO2 and Pt/TiO2 catalyst and CO stripping data of Pt/TiO2 and Pt/C catalysts.

Sample BET surface area (m2 g−1) BJH pore size (nm) Pore volume (cm3 g−1) CO strippinga

Peak potential (V vs. Hg/Hg2SO4) Onset potential (V vs. Hg/Hg2SO4)

TiO2 88 4.9 0.29
P
P

t
A
C
t
m
r
o
C
n
l

g
w
r
o
m
e
o

F
H
o

t/TiO2 80 3.8 0.23
t/C

a Obtained from Fig. 3c and d.

he beneficial role of the TiO2 support for CO electro-oxidation.
ccording to the bifunctional mechanism, TiO2 can accelerate the
Oads electro-oxidation on Pt, releasing the active sites of Pt for fur-
her electrochemical reaction, and hence, the activity of Pt towards

ethanol electro-oxidation is enhanced [19]. The CO stripping
esults imply that there may be abundant active hydroxyl groups
n the surface of the TiO2 support, which not only increases the
O tolerance of the Pt/TiO2 catalyst, but is also because the Pt
anoparticles are supported on the surface of the TiO2 with excel-

ent dispersion and without any pretreatment.
The long-term stability of the Pt/TiO2 catalyst was also investi-

ated in N2 saturated 0.5 M H2SO4 + 1 M CH3OH aqueous solution
ith the result shown in Fig. 3e. It can be seen that the peak cur-
ent density decreases gradually with successive scans. The loss
f electrocatalytic activity may result from the consumption of
ethanol during the CV scans. It may also be due to a poisoning

ffect and the structure change of the Pt nanoparticles as a result
f the perturbation of the potentials during the scanning in aque-

ig. 3. Electrochemical characterization of TiO2 and Pt/TiO2 catalyst: (a) cyclic voltamm
2SO4, scan rate: 50 mV s−1. CO stripping curves recorded in 0.5 M H2SO4 with a scan rate o
ver 300 cycles of methanol electro-oxidation in 0.5 M H2SO4 + 1 M CH3OH. Scan rate: 50
0.21 0.08
0.36 0.16

ous solutions, especially in the presence of organic compounds
[20]. After long-term CV experiments, the catalyst layer was not
removed from the surface of the gold plate and the integrity of the
working electrode was maintained. The Pt/TiO2 working electrode
was stored in distilled water for a week, then methanol electro-
oxidation was carried out again by CV; good electrocatalytic activity
towards methanol electro-oxidation was still observed. This indi-
cates that the Pt/TiO2 catalyst prepared in our experiment has good
long-term stability and storage properties.

All the results demonstrate the promising potential application
of porous TiO2 nanorods as a new catalyst support, without any
pretreatment. It increases the electrocatalytic activity and CO toler-
ance of the Pt based catalyst and supports more Pt nanoparticles on

its surface, with excellent dispersion, according to the bifunctional
mechanism [13]. Because TiO2 is a semiconductor, its electronic
conductivity is lower than that of carbon black or carbon nanotubes.
Therefore, further research to increase the electron and proton con-
ductivities of Pt/TiO2 catalyst is currently in progress.

ograms (CVs) of 0.5 M H2SO4, scan rate: 50 mV s−1; (b) CVs of 1 M CH3OH in 0.5 M
f 20 mV s−1: (c) Pt/TiO2 catalyst; (d) Pt/C catalyst. (e) Stability of the Pt/TiO2 catalyst

mV s−1.
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