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1. Introduction

The direct methanol fuel cell (DMFC) is one of the many promis-

ing energy alternatives for the near future [1,2]. The excellent
catalytic activity of Pt for methanol oxidation, especially at low
temperature, makes this metal electrocatalyst attractive for use
as an anode in DMFC. However, pure Pt is readily poisoned by
carbon monoxide (CO), an intermediate that is produced during
the electro-oxidation of methanol at low temperature. The cost of
Pt-based DMFC is exceedingly high, restricting their commercial
viability, because platinum is required in DMFC as on electrocata-
lyst.

A considerable reduction of CO poisoning has been made with
the addition of other catalysts, such as Ru, Sn, W, Mo, or Os along
with Pt to inhibit CO adsorption [3–5]. Among them, the Pt–Ru cata-
lyst is the most popular for methanol oxidation in DMFC. The Pt–Ru
nanoparticles can be prepared using several methods. These meth-
ods include vapor deposition, ball-milling, sol–gel, co-precipitation
and, thermal decomposition [6–8]. The properties of the nanopar-
ticles depend on the preparation method and the preparation
parameters pertaining to each method. Despite progress in the scal-
ing up of production, the cost of nanoparticle manufacturing is
still relatively high [9]. Nanoparticles instability towards oxidation
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nanoparticles were generated along with the simultaneous formation of
MA) in the presence of poly(styrene sulfonic acid) (PSS) using a one-step

nce of Pt–Ru nanoparticles was verified through characterization by trans-
EM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
e surface state of Ru in the Pt–Ru nanoparticles not only has metallic char-

n oxidized form. The existence of PDMA in PSS was also identified using
ectroscopy. Based on electrochemical measurements, PDMA–PSS–Pt–Ru
ocatalytic activity than PDMA–PSS–Pt and bulk Pt in methanol oxidation.
ns, these particles can potentially serve as robust electrocatalysts in fuel

© 2008 Elsevier B.V. All rights reserved.

and agglomeration is also an issue. To achieve high dispersion for
reducing the efficiency of activation, Pt–Ru catalysts are usually car-
ried on a high-surface-area carbon support such as Vulcan XC-72.
When these nanocatalysts are dispersed in carbon black, some of
the active sites remain inaccessible to methanol, thus diminishing
the overall reactivity of the catalyst.
There is considerable interest in wet-chemistry based on the
preparation of metal nanoparticles. The versatility of this approach
and its potential for the mass production of nanoparticles as cat-
alytic materials makes it particularly attractive. Several research
groups have used polymers to stabilize Pt and Pt-based alloy
nanoparticles [10–13]. Niu et al. [14] studied the electrocatalytic
behavior of the Pt-modified polyaniline (PANI) electrode and found
that the dispersion of Pt particles into PANI is indeed more effi-
cient than using bulk Pt for methanol oxidation. Xie et al. [15]
further demonstrated that electrocatalytic activity of Pt particles
can be improved appreciably by blending them into a PANI matrix
containing single wall carbon nanotubes.

Thiele et al. [16] used poly(N-vinyl-2-pyrrolidone) (PVP) as a
protecting layer after the reduction of metal ions. The protec-
tive power of PVP has been shown to be very high compared
to those of other synthetic homopolymers. However, existing
preparation methods of nanoparticles based on solution chem-
istry have a major drawback. In most cases, a solution of at least
one metal precursor in the presence of a polymer is refluxed
at high temperature. The temperature gradient within the solu-
tion induces inhomogeneity in the composition of the synthesized
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nanocrystals when convection heating is used. The presence of
such temperature gradients may lead to a broad distribution of
particle size. We are currently developing a new synthesis proce-
dure for generating silver (Ag) nanoparticles in a simultaneously
formed conducting polymer matrix [17,18]. A composite consist-
ing of poly(2,5-dimethoxyaniline) (PDMA), poly(styrene sulfonic
acid) (PSS), and Ag nanoparticles exhibited a few significant fea-
tures. PDMA was chosen as the polymer matrix because it is soluble
in common organic solvents, and has conductivity similar to that
of PANI, but processes different redox characteristics [19–21]. In
addition, the low oxidation potential of PDMA further aids in the
formation of the nanoparticles from their metal precursor ions.

In light of our previous work [17,18], we proposed a novel and
easy way to synthesize Pt–Ru nanoparticles in a PDMA–PSS matrix.
The strategy involves the simultaneous formation of PDMA and
Pt–Ru nanoparticles in the presence of PSS. The synthesis utilizes
the in situ generation of a nanoreactor for the formation of alloy
nanoparticles. The first step involves the self-assembling of DMA
molecules through non-covalent binding between amine nitrogen
and sulfonic groups in PSS. Upon UV illumination on the metal pre-
cursor H2PtCl6/RuCl3 solution in the DMA–PSS matrix, Pt4+/Ru3+

ions oxidate DMA and produce DMA radical cations, leading to the
polymerization of DMA with its monomers attached to the PSS
backbone. The amine nitrogens of PDMA act as sites for reducing the
Pt4+/Ru3+ ions. Consequently, the amine sites of PDMA can trans-
form into imine units (resulting in the emeraldine state), and Pt/Ru
particles can be formed in the nanoreactor. Because PDMA is mostly
bound to PSS, the sulfonic acid groups of PSS and emeraldine units
of PDMA can act as nuclei for the formation of Pt/Ru particles in the
PDMA–PSS nanoreactor. In addition, because PDMA has a low oxi-
dation potential, the formation of alloy nanoparticles through the
reduction of Pt and Ru ions can be facilitated by UV illumination.
Pt–Ru nanoparticles can be directly lodged in the PANI–PSS matrix
without any additional binder on the current collector. PDMA acts
as an electronic conductor and shuttles the electrons through the
Pt–Ru electrocatalyst during methanol oxidation. Also, sulfonic acid
groups of PSS furnish a pathway for transporting protonic species.
The above are all advantages of using these particles in DMFC appli-
cations.

2. Experimental

2.1. Reagents
Reagent-grade DMA (Fluka) and PSS (molecular
weight = 75,000, Aldrich) were used to prepare the polymer
matrix. H2PtCl6 (Premion) and RuCl3 (Johnson Mattey) were used
as the metal precursors. HCl (Merck) and methanol (Merck) were
used as received.

2.2. Synthesis of PDMA–PSS–Pt–Ru nanocomposite

PDMA–PSS–Pt–Ru nanocomposite was prepared by the simulta-
neous polymerization of DMA and a reduction of Pt4+ and Ru3+ ions
in the PSS medium by the illumination of a layer of a solution con-
taining DMA and the PSS of Pt4+ and Ru3+ ions over cleaned indium
tin oxide (denoted as ITO, 1.0 cm × 1.0 cm). Before each experiment,
ITO coated glass was cleaned in an ultrasonic bath using dou-
ble distilled water and isopropanal, then dried with moisture-free
nitrogen flow, followed by UV-O3 treatment for 20 min.

A typical procedure is outlined below. Two solutions, “A” and
“B”, were prepared separately. Solution A was prepared by dissolv-
ing 0.19 g (25 mM) DMA in 50 mL (2 mM) PSS solution. Solution “B”
was prepared by adding 46.1 mL H2PtCl6 (5 mM) and 3.9 mL RuCl3
wer Sources 182 (2008) 32–38 33

(15 mM) to a 50 mL solution containing 0.01 M HCl and 0.1 M KCl.
Solutions “A” and “B” were then mixed and sonicated for 10 min. A
dose of 45 �L of the mixed solution was dropped on a clean ITO sub-
strate (1.0 cm × 1.0 cm) and illuminated by UV radiation (254 nm)
for 2 h. The PDMA–PSS–Pt–Ru nanocomposite then formed on the
ITO substrate.

2.3. Characterization

Ultraviolet–visible (UV–vis) spectra of the PDMA–PSS–Pt–Ru
nanocomposites were recorded by a Shimadzu UV-2100 UV–vis
spectrophotometer. TEM characterization was made on a JEOL
model 1200-EX instrument operated at a voltage of 120 kV.
The samples for TEM analysis were prepared by placing the
PDMA–PSS–Pt–Ru nanocomposite solution onto a carbon-coated
copper grid. After evaporating the sample drops for one day, the
excess solution was removed with blotting paper. X-ray diffraction
(XRD) patterns of the PDMA–PSS–Pt–Ru nanocomposite were col-
lected by exposing the sample to Siemens D5000-X-ray source with
Cu K� (1.542 Å). The spectra were scanned in the range 2� = 38–90◦.
The XPS measurements were carried out using ESCA 210 and Micro-
lab 310 D (VG Scientific, Ltd., United Kingdom) spectrometers. XPS
spectra were recorded with Mg K� (h� = 1256.6 eV) irradiation,
whose photon source was driven by 12 kV and an emission current
of 20 mA. The pressure in the base chamber of the spectrometer
was kept at approximately 10−10 mbar during the measurements.

Electrochemical characterization of the catalyst was performed
using a PGSTAT20 electrochemical analyzer, AUTOLAB Electro-
chemical Instrument (The Netherlands). All the experiments were
carried out in a three-component cell in which an ITO coated glass
plate (1 cm2 area), Ag/AgCl (in 3 M KCl), and platinum wire were
used as working, reference, and counter electrodes, respectively. A
Luggin capillary, whose tip was set at a distance of 1–2 mm from
the surface of the working electrode, was used to minimize the
potential drop across electrolyte solutions.

3. Results and discussion

3.1. Characterization of PDMA–PSS–Pt–Ru nanocomposite

Following our previous work [17,18], a novel and easy way is
developed to prepare Pt–Ru electrocatalysts in PDMA–PSS matrix. It
has been reported that a wide range of chemical oxidations, such as

(NH)4S2O8, H2O2, K2Cr2O7, and FeCl3, were successfully employed
for the polymerization of ANI. The formation of a polymer is favored
by the fact that the oxidation potential of a monomer is compati-
ble with the reduction potential of oxidants. The electron-donating
methoxy groups in the aromatic ring can provide a suitable envi-
ronment for the Pt/Pt–Ru ions through the amine groups in PDMA.
The low oxidation potential of PDMA is beneficial for the formation
of Pt/Pt–Ru nanoparticles from Pt4+/Ru3+ ions:

PDMA → PDMAn+ + ne−, EPDMA < 0.607 V vs. NHE

Pt4+ + 4e− → Pt,E0 = 0.735 V vs. NHE

Ru3+ + 3e− → Ru,E0 = 0.662 V vs. NHE

UV illumination facilitates the quick formation of polymers and
Pt/Ru. Photons make the DMA monomer excited, making it more
reactive. At the early stage of the polymerization, this accelerates
the initiation of the polymerization by promoting the formation
of DMA radical cations, favoring the nucleation of Pt/Ru and the
propagation of PDMA.
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Prior to the polymerization, the DMA–PSS complex is first
formed. DMA molecules are bound to PSS through the interactions
between SO3H groups in PSS and NH2 groups in DMA. Two methoxy
groups in DMA push electrons to the aromatic ring, facilitating the
delocalization of electrons to nitrogen atoms. The nanoreactor for
the formation of Pt–Ru electrocatalyst was generated through the
self-assembly of DMA with PSS and subsequent polymerization.
Simultaneously, Pt4+ and Ru3+ ions undergo reduction by extract-
ing electrons from the nitrogen atom in NH2 groups of DMA. Thus,
Pt–Ru alloy nanoparticles easily form upon the addition of Pt4+

and Ru3+ ions to the DMA–PSS solution. UV illumination excites
the non-bonding electrons in nitrogen atoms and generates DMA
radical cations. The radical cations further proceed in the poly-
merization to yield PDMA. Meanwhile, Pt–Ru particles are formed
within natural nanoreactors created by the PDMA–PSS matrix. The
PDMA–PSS matrix prevents aggregation of Pt–Ru particles. The
characterization results of the catalyst composite as analyzed by
TEM, UV–vis, XRD and XPS are presented below.

The qualitative and selective TEM images of PDMA–PSS, Pt, and
Pt–Ru nanoparticles in the PDMA–PSS matrix are shown in Fig. 1.
The wires of PDMA–PSS (Fig. 1a) are linked by many “cross-linking
points” and porous networks. The wire diameter in the PDMA–PSS
three-dimensional networks is about 60 nm. As shown in Fig. 1b
and c, Pt and Pt–Ru nanoparticles are embedded in the PDMA–PSS
matrix, in which the former has black spots and the latter has
a gray network structure. The sizes of Pt and Pt–Ru nanoparti-
cles are 8 and 4 nm, respectively, as estimated by averaging the
sizes from 100 randomly selected particles. In the same deposi-
tion area, loading of Pt particles (6.44%, from XPS results) in the
PDMA–PSS–Pt is slightly larger than that in the PDMA–PSS–Pt–Ru
(6.22%). The different loading of Pt particles might affect the density
of Pt and Pt–Ru nanoparticles in PDMA–PSS matrix. In the selec-
tive TEM images, the dispersion of Pt nanoparticles seems to be
better than that of Pt–Ru nanoparticles in the PDMA–PSS matrix.
However, a closer inspection reveals that Pt particles appeared in
the forming of agglomerates in PDMA–PSS. Individual small Pt–Ru
nanoparticles (4 nm) can be observed for PDMA–PSS–Pt–Ru. The
TEM results suggest that the addition of Ru reduces the catalyst
particle size, as previously observed in carbon-supported Pt–Ru vs.
carbon-supported Pt catalyst systems [22]. The effects on the cat-
alyst particle size are expected to be beneficial in the case of Ru
addition, as the surface area per mass of catalyst increases upon Ru
addition.

The UV–vis spectra of PDMA–PSS, PDMA–PSS–metal compos-

ites, and oxidant solutions (H2PtCl6 and RuCl3) are shown in Fig. 2.
Two peaks at 328 and 470 nm, a shoulder around 592 nm, and
a broad peak beyond 760 nm were observed for PDMA–PSS and
PDMA–PSS–metal composites. The absorption peaks at 328 and
470 nm are attributed, respectively, to the �–�* transition and pola-
ronic transitions of the doped and protonated PDMA. The peak
around 592 nm signifies the doping of PDMA by sulfonic acid groups
in PSS. The broad peak around 760 nm corresponds to the �-polaron
transition of PDMA [17,23–25]. The oxidants, PtCl62− and Ru3+, have
absorption peaks at 266 and 210 nm, respectively (curves d and e,
inset). After UV irradiation of the solution containing PtCl62− and
Ru3+ ions and DMA in PSS for 2 h, UV–vis spectra show the for-
mation of PDMA (curves b and c) as compared to the existence of
corresponding bands of PDMA. The decrease in absorbance values
of the peaks of PtCl62− and Ru3+ is attributed to the simultane-
ous formation of Pt–Ru particles along with PDMA. It should be
noted that the �–�* absorption of PDMA caused a decrease in the
absorbance and shifted it to 338 and 344 nm upon the formation
of PDMA–PSS–Pt or PDMA–SS–Pt–Ru composites. In the present
work, the estimated particle sizes of Pt and Pt–Ru nanoparticles
are 8 and 4 nm, respectively. Pt nanoparticles in PDMA–PSS may

Fig. 1. TEM images of (a) PDMA–PSS, (b) PDMA–PSS–Pt, and (c) PDMA–PSS–Pt–Ru
composites.
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Fig. 2. UV–vis spectra of (a) PDMA–PSS, (b) PDMA–PSS–Pt and (c) PDMA–PSS–Pt–Ru
composites. The insets are: (d) H2PtCl6 precursor and (e) RuCl3 precursor solutions.

have a different environment (bound to protonated imine sites)
compared to the Pt–Ru nanoparticles in PDMA–PSS. The interaction
between the quinoid rings (imine) of PDMA and Pt nanoparticles is
different from that between PDMA and Pt–Ru nanoparticles due to
the different particle sizes (quantum size effects) of Pt and Pt–Ru
[26,27]. Therefore, different interactions between the quinoid rings
of PDMA and Pt/Pt–Ru nanoparticles result in the band shift of the
�–�* absorption for PDMA–PSS–Pt and PDMA–PSS–Pt–Ru.

Representative XRD results are shown in Fig. 3. Curve a exhib-
ited a weak and broad peak, indicating that PDMA–PSS was almost
amorphous. The diffraction peaks at 39.6◦, 46.2◦, and 67.8◦ can
be observed for PDMA–PSS–Pt and PDMA–PSS–Pt–Ru composites.
These peaks correspond to (1 1 1), (2 0 0) and (2 2 0) reflections of
face-centered cubic (f.c.c.) crystal lattice of Pt. XRD patterns for
PDMA–PSS–Pt and PDMA–PSS–Pt–Ru closely reflect the referenced
patterns of Pt and Pt–Ru despite their shifts in the 2� values com-
pared to those of the pure f.c.c. structure of Pt. This observation is

consistent with those of other researchers [28,29]. Note that there
are no distinct peaks related to tetragonal RuO2 or hexagonal close-
packed (h.c.p.) Ru phases when Ru is added to PDMA–PSS. The lack
of Ru diffraction peaks can be partly assigned to the fact that some
of the Ru is incorporated into the face-centred cubic Pt lattice, as
well as the fact that intensities of the Ru diffraction peaks are very
weak. The inset of Fig. 3 shows an enlarged view of Pt (1 1 1) diffrac-
tion peaks for PDMA–PSS, PDMA–PSS–Pt, and PDMA–PSS–Pt–Ru.
The (1 1 1) diffraction peaks of Pt in PDMA–PSS–Pt–Ru compos-
ite became broad compared to those of PDMA–PSS–Pt, which is
attributable to strong interparticle interactions between Pt and Ru
nanoparticles. This result is consistent with previous studies on
Pt–Ru which showed that Pt f.c.c. peaks appeared in XRD spectra
only in Pt–Ru alloys containing Ru up to 52 wt % [30,31]. The average
particle size of Pt–Ru nanoparticles was ca. 4 nm from XRD peaks,
as calculated using the Debye–Scherrer equation Dc = 0.9�/ˇ cos �
(where � is the X-ray wavelength, 1.5406 Å, ˇ is the full width at
half maximum of the radius)[32], in agreement with the average
size of 4 nm observed in the TEM images.

The XPS spectrum of core-level N1s for PDMA–PSS–Pt–Ru is
shown in Fig. 4a. When the multiple peaks were deconvoluted into
Fig. 3. X-ray diffraction patterns of (a) PDMA–PSS, (b) PDMA–PSS–Pt and (c)
PDMA–PSS–Pt–Ru nanocomposites. The inset is the X-ray diffraction patterns in
the range of 38–42◦ .

Gaussian component peaks [33], we component peaks at 396.6,
399.3, 401.6 and 402.4 eV, corresponding to N , N–, N+, and

N+, respectively. Integrating the areas under these peaks, the
ratios of these components are 0.35, 0.37, 0.25 and 0.03. The area
ratio of [ N ]/[ N ] is almost 1.0, favoring the presence of the
emeraldine type structure for PDMA in the PDMA–PSS–Pt–Ru com-
posite.

Another important feature is the high positive charge nitro-
gen (0.28) in PDMA–PSS–Pt–Ru. This indicates that PDMA in

PDMA–PSS–Pt–Ru is in the doped state due to doping from sul-
fonic acid groups in PSS. This observation implies that electrons
might be easily conveyed through the conjugated polymer matrix
to the current collector during methanol oxidation. Fig. 4b exhibits
two peaks, one belonging to low energy band (4f7/2) at 71.7 eV and
the other to a high-energy band (4f5/2) at 3.6 eV or higher, suggest-
ing that there must exist two different Pt entities in the composite
because of chemical nonequivalent metal or ligand sites on sur-
faces as shown in previous studies [34]. The two broad bands were
deconvoluted into two pairs of Pt4f peaks at 71.6, 74.9 (Pt(0)) and
at 72.8, 75.8 eV (Pt(IV)), with the corresponding area ratios of 0.83
and 0.17.

The existence of Pt(IV) in the PDMA–PSS–Pt–Ru composite
can be explained by the complexation of Pt ions with amine
groups in PDMA–PSS–Pt–Ru or due to the incomplete reduction
reactions of Pt ions. Similar electrostatic interactions between Pt
ions and amine groups have been identified in other studies on
salt loaded dendrimer-polymer networks with amine groups [35].
Fig. 4c shows the narrow scan Ru3p core-level XPS spectrum of
PDMA–PSS–Pt–Ru. The Ru3p spectrum, used instead of the Ru3d
spectrum to avoid the interference of the C1s signal, can be decon-



36 L.-M. Huang, T.-C. Wen / Journal of Power Sources 182 (2008) 32–38

Fig. 4. (a) Nitrogen 1s, (b) platinum 4f, and (c) ruthenium 3p XPS core-level spectra
of the PDMA–PSS–Pt–Ru nanocomposite.
Fig. 5. Cyclic voltammograms of (a) PDMA–PSS, (b) PDMA–PSS–Pt, and (c) the
PDMA–PSS–Pt–Ru nanocomposite in 0.5 M H2SO4 at a scan rate = 5 mV s−1. The inset
is bulk Pt.

voluted into two binding energies of 460.8 and 465.06 eV arising,
respectively, from metallic Ru (Ru(0)) and RuO2 (Ru(IV)). From the
calculation of peak areas, we found that the Ru surface species con-
sists mainly of metallic Ru of 96.7% with a small amount (ca. 3.3%) of
RuO2. The small amount of RuO2 is attributed to the possible elec-
tron transfer reaction between Ru and Pt within the alloy. Since the
respective electronegative values of ruthenium and platinum met-
als are 2.11 and 2.22 in a Pt–Ru alloy, Pt and Ru will interact with
each other through their d electron orbits such that there are elec-
trons transferring from the more electropositive Ru atoms to the
neighboring Pt atoms, leading to a higher Pt particle density. Inter-
atomic charge transfer within the broad s bands is much weaker.
The maximum charge donated from a Ru atom to its neighboring Pt
atoms occurs where the Ru atoms have only Pt atoms as neighbors;
the maximum charge acceptance by a Pt atom occurs where the Pt
atoms have only Ru atoms as neighbors, influencing the polariza-
tion of the Pt–Ru in the alloy. Since the oxygen transfer requires

an open oxy-hydroxide structure with abundant free Ru–OH bonds
[36], such a transfer could be better realized on Ru(IV) (formation of
RuO2) than on Ru(VI) species. This observation is also supported by
TEM and XRD results. Strong interactions between Pt and Ru may
be responsible for the size reduction of the particles.

3.2. Electrocatalytic evaluation of bulk Pt, PDMA–PSS–Pt, and
PDMA–PSS–Pt–Ru electrodes for methanol oxidation

The catalytic activities of PDMA–PSS–Pt and PDMA–PSS–Pt–Ru
electrodes were evaluated and compared to that of a bulk Pt elec-
trode (instead of using non-adherent ITO/Pt electrode). Prior to
methanol oxidation, CVs in 0.5 M H2SO4 (Fig. 5) were measured
to characterize the electrodes. Two redox pairs were observed
for PDMA–PSS (curve a) due to the conversion of leucoemeral-
dine to emeraldine and to the emeraldine–pernigraniline transition
[19]. The CV curve of the bulk Pt electrode (Fig. 5, inset) agrees
with that of the polycrystalline Pt electrode reported by Paulus
et al. [37]. In the region between −0.2 and +0.2 V vs. Ag/AgCl,
there are significant cathodic/anodic currents due to hydrogen
adsorption/desorption. As can be seen in Fig. 5, PDMA–PSS–Pt
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facilitates the generation of oxygen-bounded species in the cata-
Fig. 6. Cyclic voltammograms of (a) bulk Pt, (b) PDMA–PSS–Pt, and (c)
PDMA–PSS–Pt–Ru nanocomposites in 1.0 M CH3OH + 0.5 M H2SO4 at the potential
range of −0.2 to +1.0 V.

(curve b) and PDMA–PSS–Pt–Ru (curve c) have similar hydro-
gen adsorption characteristics, indicating that Pt nanoparticles are
embedded in the PDMA–PSS matrix. The disappearance of the
peak corresponding to the hydrogen desorption in Fig. 5(b and
c) might be attributed to the small amount of Pt content and a
good dispersion in the PDMA–PSS matrix. A similar result was
reported in the literature [38]. There are no Pt islands in PDMA–PSS
which should have the same desorption properties as the bulk
Pt. But when more Pt is deposited, the voltammograms of this
PDMA–PSS–Pt/PDMA–PSS–Pt–Ru electrode look like that of a bulk
Pt electrode with a hydrogen adsorption/desorption properties. It
should be noted that PDMA–PSS–Pt–Ru exhibits a larger current
than PDMA–PSS–Pt for hydrogen adsorption, indicating that more
active sites are available to hydrogen adsorption. It is also evi-
dent that Pt–Ru nanoparticles become smaller and mono dispersive
when Ru is added to the PDMA–PSS matrix, in accordance with the
TEM images (Fig. 1).
The electrocatalytic activities of bulk Pt, PDMA–PSS–Pt, and
PDMA–PSS–Pt–Ru towards methanol oxidation were evaluated by
recording the CVs of a solution of 1.0 M CH3OH + 0.5 M H2SO4 at
a scanning rate of 5 mV s−1, as shown in Fig. 6. Methanol oxida-
tion commenced at about 0.4 V, yielding a peak at about 0.85 V.
On the reverse scan, an oxidation peak occurred at about 0.65 V,
and no reduction peak was observed. At the bulk Pt electrode,
the slow increase in currents below 0.4 V on the forward scan
results in the adsorption of poisonous intermediates (COads) on
Pt surfaces formed from the oxidation of small organic molecules
[39,40]. The on-set potential of PDMA–Pt and PDMA–PSS–Pt for
methanol oxidation was defined as the potential for the appearance
of anodic current. The increase in anodic current at lower on-set
potential can be observed for PDMA–PSS–Pt and PDMA–PSS–Pt–Ru
than bulk Pt. The lower on-set potential of PDMA–PSS–Pt–Ru and
PDMA–PSS–Pt might be due to the uniform dispersion of Pt/Pt–Ru
nanoparticles in the PDMA–PSS matrix. Upon closer analysis of the
on-set potential for PDMA–PSS–Pt and PDMA–PSS–Pt–Ru toward
methanol oxidation, a slightly negative shift can be observed for
PDMA–PSS–Pt–Ru. According to the bi-functional mechanism, the
Fig. 7. Long-term stability of (a) bulk Pt, (b) PDMA–PSS–Pt, and (c)
PDMA–PSS–Pt–Ru in 0.5 M H2SO4 and 1.0 M CH3OH aqueous solution. Note:
Experiment was carried out by using cyclic voltammetry bulk Pt, PDMA–PSS–Pt,
and PDMA–PSS–Pt–Ru in 0.5 M H2SO4 and 1.0 M CH3OH from −0.2 to 1.0 V at a scan
rate as 5 mV s−1 for 60 cycles (8 h).The anodic current for methanol was collected
at 0.85 V and operating time was estimated from cycle numbers.

Pt sites in the Pt–Ru alloy have methanol dehydrogenation and
strong chemisorption of methanol residues. Because the oxidation
of methanol using PDMA–PSS–Pt–Ru catalysts occurs at a lower
positive potential, the activity is better than that of bulk Pt. Further-
more, the observed anodic currents are 0.49 and 0.52 mA cm−2 at
0.85 V for PDMA–PSS–Pt and PDMA–PSS–Pt–Ru much higher than
that (0.26 mA cm−2) for bulk Pt electrode. This observation suggests
that there would be more active sites available at PDMA–PSS–Pt
and PDMA–PSS–Pt–Ru electrodes than at the Pt electrode [41]. The
superior performance for methanol oxidation on PDMA–PSS–Pt–Ru
can be attributed to two effects. (i) The active surface area of
Pt–Ru electrocatalyst is more than that of a pure Pt catalyst due
to the decrease in the particle size obtained by incorporating Ru
into PDMA–PSS–Pt. (ii) The incorporation of Ru in PDMA–PSS–Pt
lyst surface, aiding in the oxidation of CO and hence eliminating
poisoning.

From the cyclic voltammograms (Fig. 6) of test electrodes,
methanol oxidation commenced at approximately 0.4 V and
reached its maximum current at about 0.85 V. The formation of
reaction intermediates (CO) is below 0.4 V [39,40]. The long-term
stabilities of PDMA–PSS–Pt, PDMA–PSS–Pt–Ru, and bulk Pt for
methanol oxidation were examined in 1.0 M CH3OH + 0.5 M H2SO4
solutions at a slow scanning rate (5 mV s−1) for 60 cycles. The slow
scan rate employed in the work allows CO to form below 0.4 V.
We anticipate that the formation of CO and adsorption on Pt sites
become significant with increasing cycle numbers for methanol
oxidation. The drop of the maximum current is attributed to the
CO poisoning of Pt active sites during the scanning in aqueous
solution. The overall electrocatalytic performance of the test elec-
trodes will be affected by deactivation due to the CO poisoning on
Pt active sites. The plot of anodic current (at 0.85 V) for methanol
oxidation vs. time (estimated from cycle numbers) is presented
in Fig. 7. It shows that anodic current increases with increasing
operation time at the initial stage for all the electrodes. With



l of Po

[

[
[
[

[
Mater. Chem. 16 (2006) 2150.
38 L.-M. Huang, T.-C. Wen / Journa

increased operation time, methanol diffuses gradually from the
bulk solution to the active Pt sites. However, PDMA–PSS–Pt and
PDMA–PSS–Pt–Ru have longer activation times compared to that
of bulk Pt because methanol molecules must overcome the steric
hindrance in the PDMA–PSS polymeric matrix to diffuse before
landing on the active Pt sites. After the activation, the anodic cur-
rents of methanol oxidation for all the electrodes first reach a
maximum and then decrease. The decrease in the anodic current
for methanol oxidation is attributable to the poisoning of active
Pt sites by CO species produced during methanol oxidation. Inter-
estingly, PDMA–PSS–Pt–Ru exhibited different characteristics from
those of PDMA–PSS–Pt and bulk Pt. The current increases after a
slight fall, implying that the active Pt sites might be regenerated
during this period. This phenomenon can be explained by a bi-
functional mechanism [42], as Pt provides sites for the dehydration
of methanol and Ru does so for the oxidation of CO adsorbed on the
Pt sites. In short, the PDMA–PSS–Pt–Ru composite is an excellent
electrocatalyst for methanol oxidation.

4. Conclusions

Through a simple molecular design, Pt–Ru nanoparticles
embedded in a polymer matrix comprising an electronically con-
ductive polymer PDMA and an ionically conductive polymer
PSS can be prepared via a one-step synthesis route. The gen-
erated Pt–Ru nanoparticles in PDMA–PSS were characterized by

TEM images, with an averaged particle size of ca. 4 nm. XRD
results reveal strong interactions between Pt and Ru nanoparti-
cles. From XPS studies, Pt–Ru nanoparticles have the composition
of Pt(0) and Ru(0) with a trace of Pt(IV) and Ru(IV) (RuO2). The
as-synthesized PDMA–PSS–Pt–Ru had the better electrocatalytic
activity for methanol oxidation than PDMA–PSS–Pt and bulk Pt.
This one-step method for the preparation of novel electrocatalysts,
Pt–Ru nanoparticles in PDMA–PSS, could be extended for the distri-
bution of Pt–Ru nanoparticles into any other polymeric substrate,
such as Nafion, for DMFC application.
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