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Abstract

Polyoxometalate anion PMo;,049>~ (POM) is chemically impregnated into a Pt-supported carbon nanotubes (Pt/CNTs) catalyst that is prepared
via a colloidal method. The POM-impregnated Pt/CNTs catalyst system (Pt/CNTs-POM) shows at least 50% higher catalytic mass activity with
improved stability for the electrooxidation of methanol than Pt/CNTs or POM-impregnated Pt/C (Pt/C-POM) catalyst systems. The enhancement
in electrochemical performance of the Pt/CNTs-POM catalyst system can be attributed to the combined beneficial effects of improved electrical
conductivity due to the CNTs support, highly dispersed Pt nanoparticles on the CNTs, and increased oxidation power of the polyoxometalate that
can assist oxidative removal of reaction intermediates adsorbed on the Pt catalyst surface.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The direct methanol fuel cell (DMFC), which is generally
fabricated with an acidic polymer electrolyte and Pt-based elec-
trodes, has been increasingly attracting attention as a clean
alternative power source for portable electronic devices. It offers
the advantages of high-specific energy density and good conver-
sion efficiency of methanol fuel at a relatively low operating
temperature [1,2]. Prior to further implementation, however,
technological problems such as low power density due to slug-
gish oxidation reactions at the Pt-based anode, fuel crossover
from negative (anode) to positive (cathode) electrode, and the
high price and limited supply of the electrode catalysts have
yet to be overcome [1]. To improve electrocatalyst systems
in DMFC electrodes with economical use of the Pt content,
alternative supports, various bimetallic catalysts and modi-
fied preparation methods have been developed. For instance,
carbon nanotubes (CNTs) have drawn increasing attention in
recent years for their applications as electrocatalyst supports
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[3-7] because the CNTs have good electrical properties, chem-
ical stability in acidic electrolyte conditions and high specific
surface-area.

Polyoxometalates (POMs) are inorganic clusters with
oxometalates that can be readily prepared through the coordina-
tion chemistry of a central heteroatom surrounded by addenda
ions of metal oxides [8]. Due to their electrochemical redox
properties and oxidizing abilities, the POMs have been applied
to various kinds of acid-catalyzed oxidation reactions [9,10].
Also it was demonstrated that Keggin-type PMo12040°~ anions
in an aqueous solution could effectively assist the electrochemi-
cal oxidation of carbon monoxide (CO) with water molecules to
carbon dioxide (CO») over gold catalysts [11,12], as represented
by

CO(g) + H20(l) + PMo12040° (aq)
— COx(g) + 2HT(aq) + PMo;2040° (aq) (1)

Note that CO is a byproduct that is generally produced during
the electrooxidation of methanol, but it should be catalytically
or electrochemically removed from the fuel electrode as CO can
seriously poison Pt-based electrocatalysts [5]. As the POM anion
has been shown to be readily adsorbed on gold, carbon and mer-
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cury electrodes [13—15], as well as, on the surface of CNTs [16],
there was a report to demonstrate that PM0120403_ anions were
incorporated into CNT supports and that POM-modified CNT
composites could be employed as a good support for methanol
electrooxidation, in which Pt or PtRu was electrochemically
deposited on POM-modified CNTs that were mounted on a
pyrolytic graphite (PG) electrode [16].

A colloidal method for nanoparticle formation has been
widely employed to prepare Pt-based fuel cell catalysts with
narrow particle size distribution and high dispersion [17-19].
Thus, POM modification of Pt/CNT catalysts made from this
colloidal preparation would provide a further advantage for
DMEC electrode catalysts by utilizing the oxidizing power of
the POM. POMs are easily decomposed, however, by hydroly-
sis in aqueous basic solutions [20] that is normally employed in
the colloidal synthesis process with reducing agents of polyols
[17].

We report here that POM-impregnated Pt/CNT (hereafter
denoted as Pt/CNT-POM) can be obtained by simple chemical
synthesis methods, in which highly dispersed Pt nanoparticles
are first prepared and deposited on to the surface of CNTs
via a polyol-based colloid method, and POMs can be subse-
quently deposited on to the Pt/CNTs in an aqueous solution.
Their catalytic properties in terms of mass activity and stability
for methanol electrooxidation are then compared with Pt/CNTs,
Pt/C-POM or PtRu/C to investigate the effects of CNTs and
POM over the chemically prepared Pt/CNT-POM catalyst sys-
tems.

2. Experiment

The CNTs (Iljin Nanotech Co., CM-95, BET surface
area=200m? g~!) were ultrasonicated and stirred in an acid
solution of HNO3 and HCI with a volume ratio of 1:3 for 12h
to purify and activate the CNT supports. The CNTs were then
filtered and washed with distilled water (18.2 MQ cm) [21] and
dried by vacuum freeze-drying to prevent aggregation. Next, the
CNT-supported Pt catalysts (20 wt.% in metal loading) were pre-
pared through a colloidal method with ethylene glycol, in which
the latter served as a reductant for Pt>* ions and a stabilizer for
the Pt colloidal nanoparticles [22]. In a typical procedure, the
activated CNTs were ultrasonicated for 4 h in ethylene glycol
solution to avoid CNT agglomeration, and then an ethylene gly-
col solution containing H PtClg-6H>O (Aldrich Chem. Co.) was
mixed with the CN'T-dispersed solution using magnetic stirring.
As the next step, a NaOH solution was added dropwise until
the pH of the solution reached around 12, before the solution
was refluxed at an elevated temperature of 433 K for 3 h. After
the temperature cooled to 298 K, colloidal Pt nanoparticles were
produced in the solution bath. This solution was stirred for 24 h
to ensure all Pt nanoparticles were deposited on to the CNTs, at
which point the solution became transparent. The Pt/CNT cata-
lyst mixture was then filtered and washed several times with pure
ethanol and distilled water, and dried by vacuum freeze-drying
for 48 h.

POM modification on the prepared Pt/CNT catalysts was car-
ried out as follows: 0.4 g of 20 wt.% Pt/CNTs was suspended in

50 ml of 5.48 x 107> mol H3PMo1204¢ (Aldrich) solution in a
2:1 volume ratio of distilled water (18.2 M2 cm) and 2-propanol
solution, i.e., a4:1 weight ratio of the catalyst and H3PMo1204.
The mixture was ultrasonically scattered for 30 min to prepare a
well-dispersed and homogeneous catalyst ink, and further mixed
with a vortex mixer for 12 h to allow the POMs to adsorb on to
the catalyst. Finally, the Pt/CNT-POM catalysts were filtered and
washed with distilled water several times and dried in an oven
at 373 K for 2 h in a nitrogen atmosphere.

X-ray diffraction (XRD) analyses of the catalysts were
carried out with a Rigaku Rotalflex (RU-200B) X-ray diffrac-
tometer using a Cu Ka (A =1.5405 A) source with a nickel filter
to characterize the crystalline Pt structures of all Pt-based cat-
alysts. The source was operated at 40kV and 100 mA, and the
26 angular region between 15° and 85° was explored at a scan
rate of 3° min~!. The morphology and size distribution of the
Pt/CNT catalysts with and without POMs were then investi-
gated by means of transmission electron microscopy (TEM,
JEOL JEM-2100) operated at 200kV. All TEM samples were
prepared by ultrasonically suspending the catalyst particles in
an ethanol solution. Drops of these suspensions were deposited
on to a standard copper grid (200 mesh) covered with a car-
bon film and dried for 20 min to allow the ethanol and water to
evaporate. To measure and compare the activity based on the Pt
mass, an inductively coupled plasma mass spectrophotometer
(ICP-MS, VG Elemental Ltd.) was employed for composition
measurements.

A glassy-carbon working electrode (WE) was consecutively
polished in 1, 0.3 and 0.05 pum Al,O3 pastes (ALLIED High
Tech Products Inc.) until the WE surface became mirror-like.
The WE was electrochemically activated and cleaned in a 0.5-
M sulfuric acid solution with a linear sweep of potential at
100mV s~!, from 0.1 to 1.5 V for 30 cycles. Catalyst inks were
then prepared as follows: Pt/C (E-Tek), Pt/CNTs (homemade),
Pt/CNTs-POM (homemade) and PtRu/C (E-Tek) catalysts were
suspended with sonication for 0.5 h in a solution mixture of dis-
tilled water, 2-propanol and 5 wt.% Nafion solution (Aldrich).
The ratio of catalyst and Nafion polymer was 74 wt.%:26 wt.%.
Next, 3 .l of the catalyst ink was transferred with a micropipette
to the activated, clean surface of the glassy-carbon disc elec-
trode (with geometric area of ca. 0.07 cm? and a Pt loading of
5.48 £0.05 pg), followed by drying in an oven at 343 K for 0.5 h,
to form eventually a thin film of the catalyst layer. The electroox-
idation performance of the catalysts were investigated using
cyclic voltammetry (Solartron analytical 1400, AMETEK) with
athree-electrode cell at room temperature. Glassy carbon (3-mm
diameter) held in a Teflon cylinder was used as the working elec-
trode, on which a thin layer of Nafion-impregnated catalyst was
cast. An Ag/AgCl electrode and a Pt wire electrode were used as
the reference and counter electrode, respectively. A solution of
2M CH30H in 0.5M H;SO4 was employed as the electrolyte
solution and electrochemical measurements were performed
after degassing with nitrogen of ultra-high purity. Cyclic voltam-
mograms (CVs) were subsequently recorded within the potential
range of —0.2t0 1.0 V (vs. Ag/AgCl) at a scanrate of 50mV s~ ;
long-term stability tests of each sample were performed for up
to 500 cycles and compared under the same conditions.
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Fig. 1. Cyclic voltammograms for tenth cycle of P/CNT (solid line) and Pt/C
(dotted line) in electrolyte solution of 0.5M H,SO4 with 2M CH3OH at a
sweep rate of 50mV s~ at room temperature. Same Pt loadings mounted in all
cases.

3. Results and discussion

Fig. 1 shows the cyclic voltammograms (CVs) of the synthe-
sized Pt/CNT and commercial Pt/C catalysts in an electrolyte
solution of 0.5M H,SO4+2M CH3OH. There are two irre-
versible current peaks during the electrooxidation of methanol
that are typically attributed on the forward scan peak at around
0.7V to methanol electrooxidation and on the backward peak at
ca. 0.4V, to the Faradaic oxidation reaction on the Pt of resid-
ual intermediate species such as CH,OH, CH,O, HCOOH and
CO [23,24]. Both CV curves reveal a similar shape and peak
position, which is also in agreement with previous reports for
methanol CVs over supported Pt catalysts [5,23]. However, the
oxidation current peak observed for the Pt/CNT catalysts (solid
line in Fig. 1) appears to be considerably higher (by ca. 50%)
than the peak for the commercially available Pt/C catalyst (dot-
ted line) when compared per same Pt mass. This improvement
in the electrocatalytic performance of the Pt/CNTs compared
with that of carbon black-supported Pt could be attributed to the
presence of CNT supports with unique structural and electri-
cal properties that can reduce resistances associated with charge
transfer [3-5].

Another factor enabling high mass activity would be the high
dispersion of metal catalysts on the supports [21] through the
production of uniformly nanosized Pt particles, in which the
functionalized CNT surface allows uniform adsorption of the Pt
nanoparticles produced via a polyol method. The unique struc-
tural and electrical properties of CNTs are believed to be a
dominant factor for the higher activity in this work, since the
mean diameter of Pt on the CNT supports appears to be not
significantly different from that of C-supported Pt (ca. 3.1 nm
as estimated from TEM images of the Pt/C catalyst). Although
the electrochemical active surface area (EAS) of the catalysts
without POM modification, measured in aqueous 0.5 M sulfuric
acid solution without methanol from the hydrogen desorption
region, is estimated to be ca. 73.8 and 109.6m?> g~! for Pt/C
and Pt/CNT in this work, respectively, such a difference in EAS
values over the similar mean particle size of Pt on both sup-

ports should be therefore attributed to the unique structural and
electrical properties of the CNT supports.

The morphology of the CNT supports and the prepared
Pt/CNT catalysts, shown in Fig. 2 reveals that the Pt nanopar-
ticles are highly dispersed on the CNT supports, with a mean
particle size of ca. 2.9 £ 0.1 nm. The size distribution and mean
size of the Pt nanoparticles were estimated from the average mea-
surements of more than 300 particles seen in the TEM image.
The high dispersion of the Pt nanoparticles on the CNT supports
could be achieved through two mechanisms: (i) surface func-
tional groups such as carboxyl, hydroxyl and carbonyl groups
on the CNTs could be effectively produced during chemical oxi-
dation treatment [21], and they should assist ion adsorption and
metal deposition by serving as specific nucleation sites for Pt
nanoparticles; (ii) the polyol employed during Pt/CNT synthe-
sis enables Pt nanoparticle uniformity on CNT surfaces, acting
as both a reductant for Pt cations and a protective agent by
stabilizing the nanosized particle surface from particle growth
[25-28].

In order to enhance the oxidation ability of Pt/CNT catalysts
for methanol electrooxidation, POM anions were adsorbed over
the prepared Pt/CNT catalysts through spontaneous and strong
chemisorption of POMs on to the surface of CNTs [14] in an
aqueous solution. The presence and adsorption of the POMs on

Fig. 2. Transmission electron microscopy images of (a) CNTs and (b) 20 wt.%
Pt/CNTs used in this work.
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both the CNT and Pt/CNT materials are evident by the charac-
teristic redox peaks in the CVs of Fig. 3, which were measured
at a scanning rate of SO0mV s~! in acidic electrolyte solutions
of 0.5M H,S0O4 and 0.5 M H,SO4 + 2 M CH30H, respectively,
at room temperature. In Fig. 3(a), whereas the CV for CNTs
alone is represented by a typical electrical double-layer feature
[7] without any charge transfer reactions, the POM-adsorbed
CNTs reveal multiple and reversible redox peaks originating
from the electrochemical redox reactions of POMs with elec-
trons on the CNTs [16,29]. The CV waves during the first cycle
for the Pt/CNTs-POM (see arrows in Fig. 3(b)) also show typi-
cal multiple redox peaks of the POMs on the catalyst surface
in acidic electrolyte solution containing 0.5M H>SO4+2M
CH3OH, suggesting that the POMs are unequivocally adsorbed
again on to the surface of the Pt/CNT catalysts. Note that there
are no such peaks in the case of Pt/CNTs without POM adsorp-
tion.

Fig. 4 shows the electrochemical activity pertaining to
methanol oxidation in the Pt/C, Pt/C-POM, and Pt/CNT-POM
catalyst systems; the voltammograms of the Pt/CNT-POM and
Pt/C-POM electrodes have considerably greater oxidation cur-
rents by at least 50% than those without the POM, and the
Pt/CNT-POM catalysts show a superior performance over the
other systems. Considering that the same amount of Pt is used
in this work, the activity enhancements are achieved by ca. 50%
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Fig. 3. (a) Cyclic voltammograms of CNTs with or without POM in 0.5M
H, S0y electrolyte at a scan rate of 50mV s~! at room temperature. (b) CVs for
first cycle for Pt/CNTs-POM (solid line) and Pt/CNT's (dotted line) over enlarged
potential range of —0.2t0 0.4 V (vs. Ag/AgCl) in 0.5 M H,SO4 containing 2M
CH;OH solution at 50mV s~! at room temperature.
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Fig. 4. Cyclic voltammograms for tenth cycle for Pt/CNTs-POM (solid line),
Pt/C-POM (dashed line), and Pt/C (dotted line) in 0.5 M H,SO4 containing 2 M
CH;OH solution at 50mV s~! at room temperature. Same Pt loadings mounted
in all cases.

improvement with CNT supports instead of carbon black sup-
ports, as shown in Fig. 1. Further improvement by at least 50%
is obtained with POM introduction to the catalyst system, as
presented in Fig. 4. These results can be understood as follows:
(i) the presence of CNTs provides an efficient support for the
Pt nanoparticles along with economical use and enhanced elec-
trical conductivity of the electrode process compared with the
carbon black [19]; (ii) the presence of POM anions may facilitate
the electrooxidation of intermediate species such as the CO that
is adsorbed on the Pt catalyst surfaces, as demonstrated else-
where [11,12], leading to suppression of the poisoning effect
on Pt catalysts by CO or CO-like intermediates. From different
points of view, it can be inferred from the increase in the hydro-
gen desorption peaks in the potential range of —0.2t0 0.1V that
the active Pt surface is less-poisoned by CO or CO-like inter-
mediates in cases of POM modification due to their oxidation
reaction capabilities.

The oxidative removal of intermediate species can be deduced
from the peak current intensity ratio between the forward peak
current It and the backward peak current Iy, in which the lat-
ter is generally recognized as the current produced during the
electrooxidation of residual intermediate species on the Pt sur-
face after methanol electrooxidation [5,30,31]. Note that the
ratio I¢/ly is less than 1 in Fig. 1 for the cases of Pt/CNT and
Pt/C without POM, but the ratios became greater than unity for
the cases with POM, as seen in Fig. 4. Therefore, the current
peak ratio It/I, can be used to indicate catalyst tolerance against
the formation of poisoning species on the Pt catalyst surfaces
[5,30,31]. Whereas the oxidation current peak appearing during
the forward potential scan corresponds to the electrochemical
oxidation reactions of methanol, the current peak occurring dur-
ing the backward potential scan is attributed to the oxidation
reactions of intermediate species produced from the incomplete
oxidation of methanol during the forward scan. Thus, the anodic
peak current in the backward scan detected at around 0.4V in
this study is primarily associated with the removal of the incom-
pletely oxidized carbonaceous species produced and adsorbed
on the Pt surface. For example, with CO as one of the poisoning
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species to the Pt formed during methanol oxidation, the elec-
trochemical oxidation reaction of CO taking place during the
backward potential scan is [5]:

P—OH + Pt=C=0 — CO,+2Pt + H" +e¢~ )

Without POM modification on the catalysts, the I¢/I;, ratios
are 0.66 for the Pt/C and 0.82 for the Pt/CNT, but increase
in the presence of POMs to 1.04 and 1.09 for the Pt/C-POM
and Pt/CNT-POM catalysts, respectively. These increases cor-
respond to a relative reduction of the backward peak current,
implying that less CO species remain to be adsorbed on the
Pt surface (i.e., poisoned state) after methanol electrooxidation.
Therefore, POM-deposited catalyst systems can be viewed as
being more tolerant to poisoning species such as CO on Pt.
Although the presence of POM anions on Pt/CNT catalysts is
confirmed by their characteristic redox waves in the CV tests, it
would be interesting to investigate the state of the POM anions
on the catalysts. First, the amount of POMs on the Pt/CNTs
catalyst was determined by ICP-MS analysis, which showed
that ca. 9.6 wt.% of PM0120403_ anions are deposited on the
Pt/CNTs, in which approximately 50% of the POMs added
initially remained in a strongly adsorbed state on the Pt/CNT
catalysts, and others are removed during preparation steps such
as washing and filtering. Also, the relative Pt loading is esti-
mated to be ca. 17.4 wt.% compared with the CNT supports. In
addition, XRD analysis was used to examine the Pt/CNT, CNT-
POM and Pt/CNT-POM systems in terms of the structural phase
of Pt and POM if the latter forms a crystalline phase, as shown
in Fig. 5. The XRD pattern of the Pt/CNT catalysts represents
the characteristic peaks of a crystalline face-centered-cubic (fcc)
Pt phase as it shows the planes (11 1), (200), and (220) at the
corresponding diffraction positions. In the CNT-POM electrode,
the diffraction peaks at around 20°, 25°, and 43° are associated
with the (1 10), (00 2), and (1 0 0) planes of the hexagonal struc-
ture of CNT supports [22], with no noticeable diffraction peaks
in the measurements that may be contributed by crystallized
POMs or Mo oxides. Furthermore, no other diffraction patterns
are observed in the Pt/CNTs-POM catalyst system except for
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Fig. 5. X-ray diffraction patterns of CNTs-POM, Pt/CNTs-POM and Pt/CNTs
over scan range 10-85°.
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Fig. 6. Long-term cycle stability of Pt/CNTs-POM, Pt/CNTs and PtRu/C elec-
trodes in 0.5M H2SO4 containing 2M CH3OH solution at 50 mV s~! at room
temperature. Same Pt loadings mounted in all cases.

similar fcc-Pt diffraction peaks as the Pt/CNT catalysts. Thus,
it can be concluded from the XRD analysis that the POMs are
adsorbed in a highly dispersed manner on the Pt/CNT catalysts
with no agglomeration, and the crystallographic structure of the
Pt nanoparticles is not affected by the presence of POMs.
Pt-based electrocatalysts have been reported to degrade dur-
ing long-term stability tests of low-temperature fuel cells [32,33]
or from cyclic voltammetry performances in an acid [32],
methanol [16] and ethanol [34] containing electrolyte solutions.
In our chemically prepared Pt/CNT-POM catalyst system, the
stability issues involved in the Pt and support would exist anal-
ogously; thus, the stability of POMs should also be considered.
For this reason, the long-term stability tests shown in Fig. 6
were performed, in which current profiles are plotted as a ratio
of the forward peak current (i) measured at the corresponding
CV cycle divided by the current (i') at the first cycle taken after
full activation of the catalyst systems; the actual current inten-
sity profiles are also included for reference in the inset figure.
For comparison, the long-term cycle stability of the commer-
cially available PtRu/C electrode is also shown and compared
with our catalyst systems. It is found that both the PtRu/C and
Pt/CNT electrodes have almost the same performance in that
similar current profiles result with cycle number. Also, the ratio
of i/i' appears to be decreased at slightly faster rates with cycles
as compared with that of the Pt/CNT-POM catalyst system. After
the 500th cycle on the PtRu/C or the Pt/CNTs catalyst, approxi-
mately 90% of the electrocatalytic initial activity has been lost,
showing an i/i I ratio of about 0.1, while the PtYCNT-POM elec-
trocatalyst experiences a smaller activity loss of 70% from the
initial activity (note that the i/i' ratio is still greater than 0.3 at
the 500th cycle). It is more interesting to consider the actual
current profile (see the inset in Fig. 6), in which the specific
current is substantially greater (>250 mA mgp,~') even at the
500th cycle for the Pt/CNT-POM, whereas the catalyst systems
without POMs showed less than 50 mA mgp,~!. Consequently,
the Pt/CNT-POM system showed superior performance for the
electrochemical oxidation of methanol, including greater activ-
ity and better stability over repeated tests. Thus the Pt/CNT-POM
catalysts prepared from the chemical synthetic method in this
work have economical potential in terms of efficient Pt usage as
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an anode in DMFCs. Nevertheless, further studies are required
to understand the adsorption state of POM anions on the Pt/CNT
catalyst surface and the mechanistic scheme for POM roles in
enhancing the activity of the Pt/CNT catalysts for methanol
electro oxidation.

4. Conclusions

The polyoxometalate anion PM0120403_ (POM) was chemi-
cally impregnated into Pt-supported carbon nanotube (Pt/CNT)
catalysts. The Pt/CNT-POM catalysts have superior Pt-based
mass activities with improved stability in the electrooxidation
of methanol, as compared with Pt/CNTs, Pt/C, and PtRu/C.
The enhancements in activity and stability over Pt/CNT-POM
catalyst systems have been attributed to several combined bene-
ficial effects, such as: (i) improved electrical conductivity of the
CNTs; (ii) highly dispersed Pt nanoparticles on the CNTs via a
polyol process; (iii) enhanced oxidation power of methanol due
to the presence of POMs for facilitating the oxidative removal
of poisoning species on Pt. These findings suggest that Pt/CNT-
POMs should be considered a good electrocatalyst material for
DMECs or other direct alcohol fuel cells, with potential for use in
the reduction of Pt use and the replacement of another precious
metal such as Ru in fuel cell anode materials.
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