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bstract

Polyoxometalate anion PMo12O40
3− (POM) is chemically impregnated into a Pt-supported carbon nanotubes (Pt/CNTs) catalyst that is prepared

ia a colloidal method. The POM-impregnated Pt/CNTs catalyst system (Pt/CNTs-POM) shows at least 50% higher catalytic mass activity with
mproved stability for the electrooxidation of methanol than Pt/CNTs or POM-impregnated Pt/C (Pt/C-POM) catalyst systems. The enhancement

n electrochemical performance of the Pt/CNTs-POM catalyst system can be attributed to the combined beneficial effects of improved electrical
onductivity due to the CNTs support, highly dispersed Pt nanoparticles on the CNTs, and increased oxidation power of the polyoxometalate that
an assist oxidative removal of reaction intermediates adsorbed on the Pt catalyst surface.

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

The direct methanol fuel cell (DMFC), which is generally
abricated with an acidic polymer electrolyte and Pt-based elec-
rodes, has been increasingly attracting attention as a clean
lternative power source for portable electronic devices. It offers
he advantages of high-specific energy density and good conver-
ion efficiency of methanol fuel at a relatively low operating
emperature [1,2]. Prior to further implementation, however,
echnological problems such as low power density due to slug-
ish oxidation reactions at the Pt-based anode, fuel crossover
rom negative (anode) to positive (cathode) electrode, and the
igh price and limited supply of the electrode catalysts have
et to be overcome [1]. To improve electrocatalyst systems
n DMFC electrodes with economical use of the Pt content,
lternative supports, various bimetallic catalysts and modi-

ed preparation methods have been developed. For instance,
arbon nanotubes (CNTs) have drawn increasing attention in
ecent years for their applications as electrocatalyst supports

∗ Corresponding author. Tel.: +82 62 970 2317; fax: +82 62 970 2304.
E-mail address: wbkim@gist.ac.kr (W.B. Kim).
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3–7] because the CNTs have good electrical properties, chem-
cal stability in acidic electrolyte conditions and high specific
urface-area.

Polyoxometalates (POMs) are inorganic clusters with
xometalates that can be readily prepared through the coordina-
ion chemistry of a central heteroatom surrounded by addenda
ons of metal oxides [8]. Due to their electrochemical redox
roperties and oxidizing abilities, the POMs have been applied
o various kinds of acid-catalyzed oxidation reactions [9,10].
lso it was demonstrated that Keggin-type PMo12O40

3− anions
n an aqueous solution could effectively assist the electrochemi-
al oxidation of carbon monoxide (CO) with water molecules to
arbon dioxide (CO2) over gold catalysts [11,12], as represented
y

CO(g) + H2O(l) + PMo12O40
3−(aq)

→ CO2(g) + 2H+(aq) + PMo12O40
5−(aq) (1)

ote that CO is a byproduct that is generally produced during

he electrooxidation of methanol, but it should be catalytically
r electrochemically removed from the fuel electrode as CO can
eriously poison Pt-based electrocatalysts [5]. As the POM anion
as been shown to be readily adsorbed on gold, carbon and mer-

mailto:wbkim@gist.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.12.107
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ury electrodes [13–15], as well as, on the surface of CNTs [16],
here was a report to demonstrate that PMo12O40

3− anions were
ncorporated into CNT supports and that POM-modified CNT
omposites could be employed as a good support for methanol
lectrooxidation, in which Pt or PtRu was electrochemically
eposited on POM-modified CNTs that were mounted on a
yrolytic graphite (PG) electrode [16].

A colloidal method for nanoparticle formation has been
idely employed to prepare Pt-based fuel cell catalysts with
arrow particle size distribution and high dispersion [17–19].
hus, POM modification of Pt/CNT catalysts made from this
olloidal preparation would provide a further advantage for
MFC electrode catalysts by utilizing the oxidizing power of

he POM. POMs are easily decomposed, however, by hydroly-
is in aqueous basic solutions [20] that is normally employed in
he colloidal synthesis process with reducing agents of polyols
17].

We report here that POM-impregnated Pt/CNT (hereafter
enoted as Pt/CNT-POM) can be obtained by simple chemical
ynthesis methods, in which highly dispersed Pt nanoparticles
re first prepared and deposited on to the surface of CNTs
ia a polyol-based colloid method, and POMs can be subse-
uently deposited on to the Pt/CNTs in an aqueous solution.
heir catalytic properties in terms of mass activity and stability

or methanol electrooxidation are then compared with Pt/CNTs,
t/C-POM or PtRu/C to investigate the effects of CNTs and
OM over the chemically prepared Pt/CNT-POM catalyst sys-

ems.

. Experiment

The CNTs (Iljin Nanotech Co., CM-95, BET surface
rea = 200 m2 g−1) were ultrasonicated and stirred in an acid
olution of HNO3 and HCl with a volume ratio of 1:3 for 12 h
o purify and activate the CNT supports. The CNTs were then
ltered and washed with distilled water (18.2 M� cm) [21] and
ried by vacuum freeze-drying to prevent aggregation. Next, the
NT-supported Pt catalysts (20 wt.% in metal loading) were pre-
ared through a colloidal method with ethylene glycol, in which
he latter served as a reductant for Pt2+ ions and a stabilizer for
he Pt colloidal nanoparticles [22]. In a typical procedure, the
ctivated CNTs were ultrasonicated for 4 h in ethylene glycol
olution to avoid CNT agglomeration, and then an ethylene gly-
ol solution containing H2PtCl6·6H2O (Aldrich Chem. Co.) was
ixed with the CNT-dispersed solution using magnetic stirring.
s the next step, a NaOH solution was added dropwise until

he pH of the solution reached around 12, before the solution
as refluxed at an elevated temperature of 433 K for 3 h. After

he temperature cooled to 298 K, colloidal Pt nanoparticles were
roduced in the solution bath. This solution was stirred for 24 h
o ensure all Pt nanoparticles were deposited on to the CNTs, at
hich point the solution became transparent. The Pt/CNT cata-

yst mixture was then filtered and washed several times with pure

thanol and distilled water, and dried by vacuum freeze-drying
or 48 h.

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

m
r
l
t
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0 ml of 5.48 × 10−5 mol H3PMo12O40 (Aldrich) solution in a
:1 volume ratio of distilled water (18.2 M� cm) and 2-propanol
olution, i.e., a 4:1 weight ratio of the catalyst and H3PMo12O40.
he mixture was ultrasonically scattered for 30 min to prepare a
ell-dispersed and homogeneous catalyst ink, and further mixed
ith a vortex mixer for 12 h to allow the POMs to adsorb on to

he catalyst. Finally, the Pt/CNT-POM catalysts were filtered and
ashed with distilled water several times and dried in an oven

t 373 K for 2 h in a nitrogen atmosphere.
X-ray diffraction (XRD) analyses of the catalysts were

arried out with a Rigaku Rotalflex (RU-200B) X-ray diffrac-
ometer using a Cu K� (λ = 1.5405 Å) source with a nickel filter
o characterize the crystalline Pt structures of all Pt-based cat-
lysts. The source was operated at 40 kV and 100 mA, and the
θ angular region between 15◦ and 85◦ was explored at a scan
ate of 3◦ min−1. The morphology and size distribution of the
t/CNT catalysts with and without POMs were then investi-
ated by means of transmission electron microscopy (TEM,
EOL JEM-2100) operated at 200 kV. All TEM samples were
repared by ultrasonically suspending the catalyst particles in
n ethanol solution. Drops of these suspensions were deposited
n to a standard copper grid (200 mesh) covered with a car-
on film and dried for 20 min to allow the ethanol and water to
vaporate. To measure and compare the activity based on the Pt
ass, an inductively coupled plasma mass spectrophotometer

ICP-MS, VG Elemental Ltd.) was employed for composition
easurements.
A glassy-carbon working electrode (WE) was consecutively

olished in 1, 0.3 and 0.05 �m Al2O3 pastes (ALLIED High
ech Products Inc.) until the WE surface became mirror-like.
he WE was electrochemically activated and cleaned in a 0.5-

sulfuric acid solution with a linear sweep of potential at
00 mV s−1, from 0.1 to 1.5 V for 30 cycles. Catalyst inks were
hen prepared as follows: Pt/C (E-Tek), Pt/CNTs (homemade),
t/CNTs-POM (homemade) and PtRu/C (E-Tek) catalysts were
uspended with sonication for 0.5 h in a solution mixture of dis-
illed water, 2-propanol and 5 wt.% Nafion solution (Aldrich).
he ratio of catalyst and Nafion polymer was 74 wt.%:26 wt.%.
ext, 3 �l of the catalyst ink was transferred with a micropipette

o the activated, clean surface of the glassy-carbon disc elec-
rode (with geometric area of ca. 0.07 cm2 and a Pt loading of
.48 ± 0.05 �g), followed by drying in an oven at 343 K for 0.5 h,
o form eventually a thin film of the catalyst layer. The electroox-
dation performance of the catalysts were investigated using
yclic voltammetry (Solartron analytical 1400, AMETEK) with
three-electrode cell at room temperature. Glassy carbon (3-mm
iameter) held in a Teflon cylinder was used as the working elec-
rode, on which a thin layer of Nafion-impregnated catalyst was
ast. An Ag/AgCl electrode and a Pt wire electrode were used as
he reference and counter electrode, respectively. A solution of
M CH3OH in 0.5 M H2SO4 was employed as the electrolyte

olution and electrochemical measurements were performed
fter degassing with nitrogen of ultra-high purity. Cyclic voltam-

ograms (CVs) were subsequently recorded within the potential

ange of −0.2 to 1.0 V (vs. Ag/AgCl) at a scan rate of 50 mV s−1;
ong-term stability tests of each sample were performed for up
o 500 cycles and compared under the same conditions.
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Fig. 1. Cyclic voltammograms for tenth cycle of Pt/CNT (solid line) and Pt/C
(dotted line) in electrolyte solution of 0.5 M H2SO4 with 2 M CH3OH at a
s
c
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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
weep rate of 50 mV s−1 at room temperature. Same Pt loadings mounted in all
ases.

. Results and discussion

Fig. 1 shows the cyclic voltammograms (CVs) of the synthe-
ized Pt/CNT and commercial Pt/C catalysts in an electrolyte
olution of 0.5 M H2SO4 + 2 M CH3OH. There are two irre-
ersible current peaks during the electrooxidation of methanol
hat are typically attributed on the forward scan peak at around
.7 V to methanol electrooxidation and on the backward peak at
a. 0.4 V, to the Faradaic oxidation reaction on the Pt of resid-
al intermediate species such as CH2OH, CH2O, HCOOH and
O [23,24]. Both CV curves reveal a similar shape and peak
osition, which is also in agreement with previous reports for
ethanol CVs over supported Pt catalysts [5,23]. However, the

xidation current peak observed for the Pt/CNT catalysts (solid
ine in Fig. 1) appears to be considerably higher (by ca. 50%)
han the peak for the commercially available Pt/C catalyst (dot-
ed line) when compared per same Pt mass. This improvement
n the electrocatalytic performance of the Pt/CNTs compared
ith that of carbon black-supported Pt could be attributed to the
resence of CNT supports with unique structural and electri-
al properties that can reduce resistances associated with charge
ransfer [3–5].

Another factor enabling high mass activity would be the high
ispersion of metal catalysts on the supports [21] through the
roduction of uniformly nanosized Pt particles, in which the
unctionalized CNT surface allows uniform adsorption of the Pt
anoparticles produced via a polyol method. The unique struc-
ural and electrical properties of CNTs are believed to be a
ominant factor for the higher activity in this work, since the
ean diameter of Pt on the CNT supports appears to be not

ignificantly different from that of C-supported Pt (ca. 3.1 nm
s estimated from TEM images of the Pt/C catalyst). Although
he electrochemical active surface area (EAS) of the catalysts
ithout POM modification, measured in aqueous 0.5 M sulfuric
cid solution without methanol from the hydrogen desorption
egion, is estimated to be ca. 73.8 and 109.6 m2 g−1 for Pt/C
nd Pt/CNT in this work, respectively, such a difference in EAS
alues over the similar mean particle size of Pt on both sup-

F
P
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orts should be therefore attributed to the unique structural and
lectrical properties of the CNT supports.

The morphology of the CNT supports and the prepared
t/CNT catalysts, shown in Fig. 2 reveals that the Pt nanopar-

icles are highly dispersed on the CNT supports, with a mean
article size of ca. 2.9 ± 0.1 nm. The size distribution and mean
ize of the Pt nanoparticles were estimated from the average mea-
urements of more than 300 particles seen in the TEM image.
he high dispersion of the Pt nanoparticles on the CNT supports
ould be achieved through two mechanisms: (i) surface func-
ional groups such as carboxyl, hydroxyl and carbonyl groups
n the CNTs could be effectively produced during chemical oxi-
ation treatment [21], and they should assist ion adsorption and
etal deposition by serving as specific nucleation sites for Pt

anoparticles; (ii) the polyol employed during Pt/CNT synthe-
is enables Pt nanoparticle uniformity on CNT surfaces, acting
s both a reductant for Pt cations and a protective agent by
tabilizing the nanosized particle surface from particle growth
25–28].

In order to enhance the oxidation ability of Pt/CNT catalysts
or methanol electrooxidation, POM anions were adsorbed over
ig. 2. Transmission electron microscopy images of (a) CNTs and (b) 20 wt.%
t/CNTs used in this work.
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oth the CNT and Pt/CNT materials are evident by the charac-
eristic redox peaks in the CVs of Fig. 3, which were measured
t a scanning rate of 50 mV s−1 in acidic electrolyte solutions
f 0.5 M H2SO4 and 0.5 M H2SO4 + 2 M CH3OH, respectively,
t room temperature. In Fig. 3(a), whereas the CV for CNTs
lone is represented by a typical electrical double-layer feature
7] without any charge transfer reactions, the POM-adsorbed
NTs reveal multiple and reversible redox peaks originating

rom the electrochemical redox reactions of POMs with elec-
rons on the CNTs [16,29]. The CV waves during the first cycle
or the Pt/CNTs-POM (see arrows in Fig. 3(b)) also show typi-
al multiple redox peaks of the POMs on the catalyst surface
n acidic electrolyte solution containing 0.5 M H2SO4 + 2 M
H3OH, suggesting that the POMs are unequivocally adsorbed
gain on to the surface of the Pt/CNT catalysts. Note that there
re no such peaks in the case of Pt/CNTs without POM adsorp-
ion.

Fig. 4 shows the electrochemical activity pertaining to
ethanol oxidation in the Pt/C, Pt/C-POM, and Pt/CNT-POM

atalyst systems; the voltammograms of the Pt/CNT-POM and
t/C-POM electrodes have considerably greater oxidation cur-

ents by at least 50% than those without the POM, and the
t/CNT-POM catalysts show a superior performance over the
ther systems. Considering that the same amount of Pt is used
n this work, the activity enhancements are achieved by ca. 50%

ig. 3. (a) Cyclic voltammograms of CNTs with or without POM in 0.5 M

2SO4 electrolyte at a scan rate of 50 mV s−1 at room temperature. (b) CVs for
rst cycle for Pt/CNTs-POM (solid line) and Pt/CNTs (dotted line) over enlarged
otential range of −0.2 to 0.4 V (vs. Ag/AgCl) in 0.5 M H2SO4 containing 2 M
H3OH solution at 50 mV s−1 at room temperature.
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t/C-POM (dashed line), and Pt/C (dotted line) in 0.5 M H2SO4 containing 2 M
H3OH solution at 50 mV s−1 at room temperature. Same Pt loadings mounted

n all cases.

mprovement with CNT supports instead of carbon black sup-
orts, as shown in Fig. 1. Further improvement by at least 50%
s obtained with POM introduction to the catalyst system, as
resented in Fig. 4. These results can be understood as follows:
i) the presence of CNTs provides an efficient support for the
t nanoparticles along with economical use and enhanced elec-

rical conductivity of the electrode process compared with the
arbon black [19]; (ii) the presence of POM anions may facilitate
he electrooxidation of intermediate species such as the CO that
s adsorbed on the Pt catalyst surfaces, as demonstrated else-
here [11,12], leading to suppression of the poisoning effect
n Pt catalysts by CO or CO-like intermediates. From different
oints of view, it can be inferred from the increase in the hydro-
en desorption peaks in the potential range of −0.2 to 0.1 V that
he active Pt surface is less-poisoned by CO or CO-like inter-

ediates in cases of POM modification due to their oxidation
eaction capabilities.

The oxidative removal of intermediate species can be deduced
rom the peak current intensity ratio between the forward peak
urrent If and the backward peak current Ib, in which the lat-
er is generally recognized as the current produced during the
lectrooxidation of residual intermediate species on the Pt sur-
ace after methanol electrooxidation [5,30,31]. Note that the
atio If/Ib is less than 1 in Fig. 1 for the cases of Pt/CNT and
t/C without POM, but the ratios became greater than unity for

he cases with POM, as seen in Fig. 4. Therefore, the current
eak ratio If/Ib can be used to indicate catalyst tolerance against
he formation of poisoning species on the Pt catalyst surfaces
5,30,31]. Whereas the oxidation current peak appearing during
he forward potential scan corresponds to the electrochemical
xidation reactions of methanol, the current peak occurring dur-
ng the backward potential scan is attributed to the oxidation
eactions of intermediate species produced from the incomplete
xidation of methanol during the forward scan. Thus, the anodic

eak current in the backward scan detected at around 0.4 V in
his study is primarily associated with the removal of the incom-
letely oxidized carbonaceous species produced and adsorbed
n the Pt surface. For example, with CO as one of the poisoning
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pecies to the Pt formed during methanol oxidation, the elec-
rochemical oxidation reaction of CO taking place during the
ackward potential scan is [5]:

t–OH + Pt = C = O → CO2 + 2Pt + H+ + e− (2)

ithout POM modification on the catalysts, the If/Ib ratios
re 0.66 for the Pt/C and 0.82 for the Pt/CNT, but increase
n the presence of POMs to 1.04 and 1.09 for the Pt/C-POM
nd Pt/CNT-POM catalysts, respectively. These increases cor-
espond to a relative reduction of the backward peak current,
mplying that less CO species remain to be adsorbed on the
t surface (i.e., poisoned state) after methanol electrooxidation.
herefore, POM-deposited catalyst systems can be viewed as
eing more tolerant to poisoning species such as CO on Pt.

Although the presence of POM anions on Pt/CNT catalysts is
onfirmed by their characteristic redox waves in the CV tests, it
ould be interesting to investigate the state of the POM anions
n the catalysts. First, the amount of POMs on the Pt/CNTs
atalyst was determined by ICP-MS analysis, which showed
hat ca. 9.6 wt.% of PMo12O40

3− anions are deposited on the
t/CNTs, in which approximately 50% of the POMs added

nitially remained in a strongly adsorbed state on the Pt/CNT
atalysts, and others are removed during preparation steps such
s washing and filtering. Also, the relative Pt loading is esti-
ated to be ca. 17.4 wt.% compared with the CNT supports. In

ddition, XRD analysis was used to examine the Pt/CNT, CNT-
OM and Pt/CNT-POM systems in terms of the structural phase
f Pt and POM if the latter forms a crystalline phase, as shown
n Fig. 5. The XRD pattern of the Pt/CNT catalysts represents
he characteristic peaks of a crystalline face-centered-cubic (fcc)
t phase as it shows the planes (1 1 1), (2 0 0), and (2 2 0) at the
orresponding diffraction positions. In the CNT-POM electrode,
he diffraction peaks at around 20◦, 25◦, and 43◦ are associated
ith the (1 1 0), (0 0 2), and (1 0 0) planes of the hexagonal struc-
ure of CNT supports [22], with no noticeable diffraction peaks
n the measurements that may be contributed by crystallized
OMs or Mo oxides. Furthermore, no other diffraction patterns
re observed in the Pt/CNTs-POM catalyst system except for

ig. 5. X-ray diffraction patterns of CNTs-POM, Pt/CNTs-POM and Pt/CNTs
ver scan range 10–85◦.
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ig. 6. Long-term cycle stability of Pt/CNTs-POM, Pt/CNTs and PtRu/C elec-
rodes in 0.5 M H2SO4 containing 2 M CH3OH solution at 50 mV s−1 at room
emperature. Same Pt loadings mounted in all cases.

imilar fcc-Pt diffraction peaks as the Pt/CNT catalysts. Thus,
t can be concluded from the XRD analysis that the POMs are
dsorbed in a highly dispersed manner on the Pt/CNT catalysts
ith no agglomeration, and the crystallographic structure of the
t nanoparticles is not affected by the presence of POMs.

Pt-based electrocatalysts have been reported to degrade dur-
ng long-term stability tests of low-temperature fuel cells [32,33]
r from cyclic voltammetry performances in an acid [32],
ethanol [16] and ethanol [34] containing electrolyte solutions.

n our chemically prepared Pt/CNT-POM catalyst system, the
tability issues involved in the Pt and support would exist anal-
gously; thus, the stability of POMs should also be considered.
or this reason, the long-term stability tests shown in Fig. 6
ere performed, in which current profiles are plotted as a ratio
f the forward peak current (i) measured at the corresponding
V cycle divided by the current (i1) at the first cycle taken after

ull activation of the catalyst systems; the actual current inten-
ity profiles are also included for reference in the inset figure.
or comparison, the long-term cycle stability of the commer-
ially available PtRu/C electrode is also shown and compared
ith our catalyst systems. It is found that both the PtRu/C and
t/CNT electrodes have almost the same performance in that
imilar current profiles result with cycle number. Also, the ratio
f i/i1 appears to be decreased at slightly faster rates with cycles
s compared with that of the Pt/CNT-POM catalyst system. After
he 500th cycle on the PtRu/C or the Pt/CNTs catalyst, approxi-

ately 90% of the electrocatalytic initial activity has been lost,
howing an i/i1 ratio of about 0.1, while the Pt/CNT-POM elec-
rocatalyst experiences a smaller activity loss of 70% from the
nitial activity (note that the i/i1 ratio is still greater than 0.3 at
he 500th cycle). It is more interesting to consider the actual
urrent profile (see the inset in Fig. 6), in which the specific
urrent is substantially greater (>250 mA mgPt

−1) even at the
00th cycle for the Pt/CNT-POM, whereas the catalyst systems
ithout POMs showed less than 50 mA mgPt

−1. Consequently,
he Pt/CNT-POM system showed superior performance for the

lectrochemical oxidation of methanol, including greater activ-
ty and better stability over repeated tests. Thus the Pt/CNT-POM
atalysts prepared from the chemical synthetic method in this
ork have economical potential in terms of efficient Pt usage as
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n anode in DMFCs. Nevertheless, further studies are required
o understand the adsorption state of POM anions on the Pt/CNT
atalyst surface and the mechanistic scheme for POM roles in
nhancing the activity of the Pt/CNT catalysts for methanol
lectro oxidation.

. Conclusions

The polyoxometalate anion PMo12O40
3− (POM) was chemi-

ally impregnated into Pt-supported carbon nanotube (Pt/CNT)
atalysts. The Pt/CNT-POM catalysts have superior Pt-based
ass activities with improved stability in the electrooxidation

f methanol, as compared with Pt/CNTs, Pt/C, and PtRu/C.
he enhancements in activity and stability over Pt/CNT-POM
atalyst systems have been attributed to several combined bene-
cial effects, such as: (i) improved electrical conductivity of the
NTs; (ii) highly dispersed Pt nanoparticles on the CNTs via a
olyol process; (iii) enhanced oxidation power of methanol due
o the presence of POMs for facilitating the oxidative removal
f poisoning species on Pt. These findings suggest that Pt/CNT-
OMs should be considered a good electrocatalyst material for
MFCs or other direct alcohol fuel cells, with potential for use in

he reduction of Pt use and the replacement of another precious
etal such as Ru in fuel cell anode materials.
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