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Abstract

Tungsten trioxide (WO3) nanorods have been prepared by a simple pyrolysis of surfactant encapsulated tungsten oxide clusters. These nanorods
are characterized by XRD, Raman, electron microscopic techniques and cyclic voltammetry. Platinum nanoparticles have been supported on these
WO; nanorods. The electrocatalytic activity and stability of platinum loaded WO; nanorods towards methanol oxidation have been studied and
compared with that of platinum supported on bulk WO3 and commercial 20% Pt-Ru/C (J.M.) using electrochemical measurements. The results
demonstrated that alteration of the morphology of the WO; from bulk to 1D nanorods have resulted in comparable methanol oxidation activity as

that of the commercial 20% Pt-Ru/C catalyst.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Direct methanol fuel cells (DMFCs) have attracted consid-
erable interest as potential power sources for stationary and
transportation applications because of its system simplicity, low
pollution and high efficiency [1-4]. Methanol as fuel in DMFC
has several potential features. Itis easily stored, transported, han-
dled and has a high theoretical energy density. Because of these
potential features, electro-oxidation of methanol has been exten-
sively studied in the past decades [5—9]. However, the main draw
back of the DMFC is insufficient activity of the platinum catalyst
at the anode. Pure platinum is poisoned by reaction intermedi-
ates such as CO [10-15]. Before effective commercialization of
DMEC, the problem of losses caused by excessive CO poison-
ing has to be solved. In order to overcome the drawbacks and to
improve the catalyst performance, platinum based alloys (such
as, Pt-Ru, Pt-Os, Pt-Sn) are used in DMFCs [16-19]. Pt-Ru
supported on carbon is the most active catalyst for methanol oxi-
dation. The enhancement of the catalytic activity of platinum in
the presence of ruthenium was explained by various mechanisms
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[20-23]. Still, this system is not good enough for commercial
applications due to its prohibitively high cost and limited sup-
plies of Pt and Ru [24]. Metal-metal oxide catalysts are also
being investigated for electro-oxidation reactions [25]. Specifi-
cally, tungsten oxide (WO3) based catalysts have been studied by
several groups as potential low-cost fuel cell catalysts [26—34].
The improvement in methanol oxidation activity in Pt-WOj3 cat-
alysts is partly attributed to the ability of WOs to intercalate
H atoms into its matrix, forming highly conductive tungsten
bronzes. The dehydrogenation steps in the methanol oxidation
reaction are thus facilitated, resulting in a higher turnover on
Pt sites. Moreover, the OH,q5 groups on WOs3 facilitates oxida-
tion of CO intermediates [35-38]. A great deal of interest still
exists in the development of materials capable of the electrocat-
alytic oxidation of methanol, in order to diminish the typically
large overpotentials encountered in its direct oxidation at most
electrode surfaces. Particular interest has been centered on mate-
rials that can be synthesized on nanometer scale with controlled
nanostructures for achieving efficient catalysts for use in fuel
cells [39,40]. The physical, electrochemical, electronic, and
optical properties of nanostructured materials are well known
to be different from those of bulk materials. Recently, one-
dimensional (1D) nanorods have attracted remarkable attention
owing to their unique properties and potential for various novel
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Scheme 1. Fabrication of WO3 nanorods.

applications [41]. Nanorods have large specific surface areas;
the decoration of Pt nanoparticles on the support of nanorods
could efficiently prevent Pt nanoparticles from the agglomera-
tion. Therefore, synthesis of 1D WO3 nanorods would produce
an efficient support for the catalyst with a synergetic effect of
the properties of both nanorods as well as WO3 for methanol
oxidation. The aim of the current study is to verify such a sup-
position experimentally, which is of significant importance for
the design of catalysts. Several synthetic approaches including
thermal, electrochemical etching, template directed synthesis,
wet chemical organic or inorganic routes have been applied to
fabricate WO3 nanorods [42-48]. We report a surfactant directed
large-scale synthesis of single crystalline WO3 nanorods formed
by a simple, single step pyrolysis of surfactant encapsulated
tungsten oxide clusters. The employed route is template free,
contaminant free, easy, economical and requires a low temper-
ature for the fabrication of WOs3 nanorods. The so-fabricated
WOs3 nanorods were used as supports for platinum nanoparti-
cles (Pt/WOj3 nanorods) in methanol oxidation and the catalytic
activity of this system has been compared with that of com-
mercially available Johnson Matthey carbon supported 20%
Pt-Ru catalyst (Pt-Ru/C (J.M.)) and bulk WO3 supported 20%
Pt (Pt/bulk WO3). Bulk WO3 is commercially obtained from
Alfa Aesar (A Johnson Matthey Company).

2. Experimental

2.1. Synthesis of WO3; nanorods and loading of platinum on WOj3
nanorods

The precursor compound, tetrabutylammonium decatungstate ((C4Hog)4N)4
W10032 was synthesized as described elsewhere [49] by using Na, WO4-2H,0
and tetrabutylammonium bromide (TBABr) as the starting materials. The pre-
cursor was recrystallized in hot dimethyl formamide to give yellow crystals.
The thermogravimetric analysis revealed that the cation content in the com-
pound is 29.0% (calculated value: 29.2%). The pyrolysis of tetrabutylammonium
decatungstate to synthesize WO3 nanorods is carried out as follows: 1 g of the
precursor was taken in an alumina or quartz boat and introduced inside a tubu-
lar furnace and heated at 450 °C at a heating rate of 25 °C per min under Ar
atmosphere for 3 h. Then it was gradually cooled to room temperature to obtain
a blue powder of WO3 nanorods. The total yield of the obtained material was
71% by weight (relative to the starting material). To load 20% Pt on WO3, wet
impregnation method was adopted wherein 0.01 M aqueous hexachloroplatinic
acid (H,PtClg) was mixed with required amount of WO3 nanorods by stirring
at room temperature. It was then evaporated to dryness followed by reduction
in hydrogen atmosphere at 350 °C for 4 h.

2.2. Characterization of WO3 nanorods and Pt/YWO;3 nanorods

X-ray diffraction (XRD) patterns were obtained by a powder diffractometer
(XRD-SHIMADZU XD-D1) using a Ni-filtered Cu Ko X-ray radiation source.

CRM 200 Raman spectrometer was employed, using the 514.5 nm line of an Ar
ion laser as the excitation source. The morphology of the WO3 nanorods and
bulk WO3 were investigated by a scanning electron microscopy (SEM) (FEI,
Model: Quanta 200). Transmission electron microscopy (TEM), electron diffrac-
tion and energy dispersive X-ray analysis (EDAX) were performed on a Philips
CM12/STEM instrument. High-resolution transmission electron microscopy
(HRTEM) was carried out on a JEOL 3010 instrument to characterize the WO3
nanorods and platinum loaded WO3 nanorods.

2.3. Electrochemical measurements

Cyclic voltammetry and chronoamperometry were performed on a BAS
Epsilon potentiostat. The measurements were made using a three electrode cell
setup. An Ag/AgCl, saturated KCl electrode and a Pt foil were used as reference
and counter electrodes, respectively. The working electrode was fabricated by
dispersing the platinum-supported catalysts in distilled water. The dispersion was
ultrasonicated for 15 min. A known amount of the dispersion was transferred
onto a glassy carbon electrode and the water was evaporated slowly. The resulting
film was covered with 5 1 of 5% Nafion solution in order to fix the particles on
the substrate. A solution of 1 M CH30H in 1 M H,SO4 was used to study the
methanol oxidation activity. All the electrochemical studies were performed at
a scan rate of 25 mV s~ !

3. Results and discussion
3.1. Mechanism for the formation of WO3 nanorods

The mechanism for the formation of WQOj3 nanorods is
proposed as shown in Scheme 1: Na,WOQO4 and tetrabuty-
lammonium bromide (TBABr) reacts to form the precursor
compound ((C4Hg)4)N)4W19O3;. In the precursor compound,
inorganic metal oxide clusters (W10032%7) are charge balanced
with the surfactant group (TBABr). TBABTr restricts the irreg-
ular arrangement of the metal oxide clusters by providing a
steric environment around them. This leads to the formation
of 1D array of metal oxide clusters. During pyrolysis at 450 °C,
removal of the surfactant species ((C4Hg)4N*) and decompo-
sition of the W1p0O3, leads to the formation of pure, single
crystalline WO3 nanorods.

3.2. Characterization of WO3 nanorods and platinum
loaded WO3 nanorods

The XRD patterns of as received commercial tungsten tri-
oxide (bulk WO3) and as-synthesized tungsten oxide (WO3
nanorods) have been shown in Fig. 1a and b, respectively. Both
the diffraction patterns are well in agreement with the single
crystalline monoclinic WO3 (JCPDS card no. 75-2072). The
XRD pattern of WO3 nanorods reveal a predominant growth
along the (020) plane. The XRD pattern of Pt loaded WO3
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Fig. 1. XRD patterns of (a) bulk WO3, (b) WO3 nanorods, and (c) Pt/WO3
nanorods.

nanorods is given in Fig. 1c. The diffraction pattern corresponds
to the reflections of monoclinic WO3 nanorods and face centered
cubic Pt (JCPDS card no. 04-0802).

The Raman spectrum shown in Fig. 2 indicates four bands at
~260, 334, 703 and 813 cm~! which agree closely to the wave
numbers of the strongest modes of monoclinic-WO3. The bands
at 260 and 334 cm ™! correspond to O—W—0 bending modes and

TR "

Fig. 3. SEM images of bulk WO3 (a and b) and WO3 nanorods (c and d).
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Fig. 2. Micro-Raman spectrum of WO3 nanorods.

the bands at 703 and 813 cm ™! can be attributed to the stretching
modes of the WO3 [50-52].

SEM was employed to observe the morphology of the com-
mercially obtained tungsten trioxide (Fig. 3a and b) and the
as-synthesized WO3 nanorods (Fig. 3c and d). The commercially
obtained tungsten trioxide revealed agglomerated particles with
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Fig. 4. (a) TEM of WO3 nanorods (inset: an electron diffraction pattern obtained from the WO3 nanorod), (b) HRTEM image of a WO3 nanorod, (c) a low
magnification HRTEM image of Pt/WOj3 nanorods, and (d) HRTEM image of a Pt nanoparticle on WO3 nanorod.

no specific morphology both at low and high magnification. A
distribution of nanorods of WOj3 in high yields can be seen from
Fig. 3c and d for the as-synthesized tungsten trioxide. This obser-
vation is well consistent with TEM observations (Fig. 4a) which
also showed rod like morphology. Further, the dimensions of the
nanorods calculated from the TEM images vary in the ranges of
130480 nm and 18-56 nm of length and width, respectively.
The inset in Fig. 4a presents a corresponding electron diffrac-
tion pattern of WOs3 nanorods, thus indicating the crystallinity
of WO3. The representative high resolution TEM image of a
nanorod showing a well resolved lattice is illustrated in Fig. 4b.

The lattice fringes calculated are about 0.375 nm and it corre-
sponds to the interplanar spacing of (02 0) planes of monoclinic
WOs3. This observation agrees with the XRD results (JCPDS
card no. 75-2072) and indicates the growth of WO3 nanorods
along (02 0) plane. The high resolution TEM images of platinum
loaded WO3 nanorods are shown in Fig. 4c and d. The presence
of platinum on the surface of WO3 nanorods can be seen from
Fig. 4c and the size of the Pt nanoparticles calculated is in the
range of 4-6 nm. The well resolved lattice fringes of platinum
can be evidenced from Fig. 4d. The interplanar spacing calcu-
lated from a single platinum nanoparticles is 0.225 nm and this
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Fig. 5. EDAX analysis of (a) WO3 nanorods and (b) Pt/WOj3 nanorods.



172

(a) 0.0003
0.0002
0.0001 /’
0.0000-
-0.0001 1
-0.0002
-0.0003
-0.0004 1
-0.0005 |

Current (A)

-0.0006 T : : .
0.2 0.2 04 06 08
Potential (V)

0.0

1.0

J. Rajeswari et al. / Materials Chemistry and Physics 106 (2007) 168—174

(b) 0.001

Current (A)

|
-0.001 -

02 04 06 08

Potential (V)

1.0

Fig. 6. Cyclic voltammograms of (a) WO3 nanorods and (b) bulk WO3 in 1 M H,SOy at a scan rate of 25 mV sl

is in agreement with (1 1 1) plane of Pt (JCPDS 04-0802). The
EDAX results confirmed the presence of respective constituent
elements in WO3 nanorods and Pt/WO3 nanorods as shown in
the representative EDAX spectra (Fig. 5a and b). The copper
signals originate from a copper supporting microgrid.

3.3. Electrocatalytic activity towards methanol oxidation

The electrochemical behavior of WO3 nanorods and bulk
WOj3 were studied in 1 M HSOy4. The cyclic voltammograms
of WOj3 nanorods (Fig. 6a) and bulk WO3 (Fig. 6b) showed
an anodic peak at —0.07 and +0.1V, respectively. This peak
is attributed to the formation of tungsten bronzes by hydrogen
intercalation in the tungsten trioxide. The stability of a catalyst
support in acid medium is required for methanol oxidation as the
process is carried out in acid medium. This was evaluated by per-
forming uninterrupted cycling of the potential between —0.2 and
1.0 Vin 1 M H2SO4. For the WO3 nanorods (Fig. 6a), almost no
activity variation was observed even after several cycles indi-
cating its stability in sulfuric acid medium. Whereas for the
bulk WO3, the peak current was observed to decrease showing
a poor stability in acid medium. This study reveals that WO3
nanorods can be better catalytic support for methanol oxidation
in comparison to their bulk counterpart.

The electrochemical activity of platinum loaded WO3
nanorods for methanol oxidation was studied using cyclic
voltammetry in the presence of 1 M H>SO4 and 1 M CH30H
(Fig. 7a). The cyclic voltammograms of commercial 20% Pt-
Ru/C (J.M.) and Pt loaded on bulk WO3 are also presented in
Fig. 7b and c, respectively. For comparison, the Pt loadings were
done at the nominal Pt level in the commercial catalyst, i.e., at
20 wt% for WO3 nanorods and bulk WO3. The peak current den-
sities and mass activities due to methanol oxidation are shown
in Table 1. The catalyst activities can therefore be ranked in the
following order: Pt/WOs3 nanorods > Pt-Ru/C (J.M.) > Pt/bulk
WOs3. The reasons for the enhanced activity of platinum loaded
WOj3 nanorods may be as follows: (i) unique electrochemical
activity of 1D nanostructures, (ii) high utilization of Pt by the
nanostructures, (iii) electronic and ionic conductivity of tungsten
bronzes and (iv) minimization of CO poisoning by transition
metal oxides. The activities of Pt/WOs3 nanorods is approxi-
mately six times higher than that of the Pt/bulk WO3. It appears
clearly that the nanostructures of the catalytic support is essential
and governs the electroactivity. Methanol oxidation activities of

Table 1
Comparison of electrocatalytic activity of various catalytic systems towards
methanol oxidation

Sample Amount of Activity? Mass activity®
Pt (Lg) (mAcm~2)  (mAmg~!Pt)

20% Pt/WOs3 nanorods 50 211 295

20% Pt-Ru/C (J.M.) 50 192 268

commercial

20% Pt/bulk WO3 50 35 49

2 Peak current density at 0.76 V.
b Activity per mg Pt.

Pt loaded WO3 nanorods are slightly higher or comparable to
that of the commercial catalyst. This shows that replacement of
the noble metal Ru in the commercial catalyst is possible with
WO3 nanorods as its properties allow to play the role of Ru as
well as carbon support. All these facts demonstrate that WO3
nanorods are better supports for platinum than bulk WO3 and
carbon and hence they constitute a better catalytic system for
methanol oxidation.

To show the electrochemical stability of the three catalysts
for methanol oxidation, chronoamperometric experiments were
carried out. Fig. 8 shows the current—time plot for the three cat-
alytic systems in 1 M H,SO4 and 1 M CH3OH at 0.6 V. Fig. 8a

0.020

0.015 -

0.010 -

0.005 -

Currrent (A)

0.000

-0.006
02 00

T T T T T

T T T
0.2 04 0.6 0.8 1.0 12
Potential (V) Vs Ag/AgCI

Fig. 7. Cyclic voltammograms of (a) 20% Pt/WO3 nanorods, (b) 20% Pt-Ru/C
(J.M.), and (c) 20% Pt/bulk WOj3 in 1 M CH30OH-1 M H,SOy at a scan rate of
25mVsTL
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Fig. 8. Chronoamperometric response of (a) 20% Pt/WO3 nanorods, (b) 20%
Pt-Ru/C (J.M), and (c) 20% Pt/bulk WO3 at 0.6 V.

shows the chronoamperometric response of the Pt loaded WO3
nanorods. The electrode shows higher initial activity when com-
pared to the other two catalytic systems. It shows a gradual decay
in the current till 4000s and remained stable afterwards. The
commercial Pt-Ru/C (J.M.) (Fig. 8b) constitutes a stable cat-
alytic system but at any point of time, the activity of the system
is lower than the Pt loaded WO3 nanorod system. This shows the
better electrocatalytic performance of nanorod supported system
than the commercial Pt-Ru/C (J.M.) system. The performance of
Pt loaded on bulk WO3 (Fig. 8c) was found to be poor compared
to the commercial Pt-Ru/C (J.M.) and Pt/WO3 nanorods in terms
of activity and stability. The initial activity of the Pt/bulk WOs3 is
lower than the commercial Pt-Ru/C (J.M.) and Pt/WO3 nanorods
and the current decays throughout the time of the experiment.
The final current value at 72005 is higher for Pt loaded WO3
nanorods than the other two systems. The test shows that the
Pt loaded on WO3 nanorod system has the best electrocatalytic
performance among all the studied electrocatalysts.

4. Conclusion

In summary, a simple and easy method is adopted to fabricate
WOj3 nanorods. The sizes of the nanorods range in 130—480 nm
in length and 18-56 nm in width. The adopted synthetic pro-
cedure opens up a newer route for the synthesis of a variety
of transition metal oxide nanorods by choosing suitable precur-
sor compounds, which is under progress. Methanol oxidation
was carried out using platinum loaded on these WO3 nanorods.
The comparable methanol oxidation activity of platinum loaded
WO3 nanorods with that of the commercial 20% Pt-Ru/C cat-
alyst suggests that the noble metal Ru can be replaced with
low cost metal oxide nanorods. However, role of the nano-
architectures of support on the observed activity is still to be
understood fully.
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