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Carbon-supported Pt–Ru catalysts prepared by the Nafion stabilized
alcohol-reduction method for application in direct methanol fuel cells

Loka Subramanyam Sarma, Tzu Dai Lin, Yin-Wen Tsai, Jium Ming Chen, Bing Joe Hwang∗

Nanoelectrochemistry Laboratory, Department of Chemical Engineering, National Taiwan University of Science and Technology, Taipei 106, Taiwan,ROC

Received 12 May 2004; accepted 15 July 2004
Available online 17 September 2004

Abstract

The Nafion stabilized alcohol-reduction method has been used to prepare Pt–Ru catalysts supported on Vulcan XC-72. The particle size
and morphology of catalysts are determined by X-ray diffraction analysis and transmission electron microscopy. Well-dispersed catalysts
with particle sizes from 3 to 7 nm are achieved. The catalytic activities of these catalysts towards methanol electro-oxidation are investigated
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t electrode potentials of interest for fuel cells. The addition of Nafion during catalyst preparation enhances the methanol electro
ctivity even for low methanol concentrations. The in-house prepared Pt–Ru/C catalysts (MEC-01 and MEC-03) in 0.5 M H2SO4 with 5%
ethanol at 40◦C display a higher catalytic activity than a standard Pt–Ru/C (E-TEK 40) catalyst. In 5% methanol, the impedan

n-house catalyst is lower than that of the standard Pt–Ru/C (E-TEK 40) catalyst, viz., 26.18 mg� versus 139.49 mg�. The Structure of th
n-house prepared MEC-01 catalyst is compared with that of commercial E-TEK 40 by means of X-ray absorption spectroscopy.
bsorption near-edge (XANES) of the MEC-01 catalyst at Pt LIII -edge shows significant variation in white line intensity compared with
f the commercial E-TEK 40 catalyst.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) have been the sub-
ect of great interest in the recent years due to their poten-
ial application in electric vehicles and as portable power
ources[1–12]. Although several electrocatalysts have been
mployed for the oxidation of methanol[13–18], Pt is the
referred anode catalyst. The formation of CO on the cat-
lyst surface blocks the active sites for CH3OH oxidation.
herefore, to achieve a reasonable reaction rate, catalysts
ith lower overpotentials towards methanol oxidation are

equired. In recent years, Pt–Ru alloys have received re-
ewed attention as the most active anode catalysts for DMFCs

19–25]. The use of Pt alloys is based on the fact that the less
oble metal forms the hydrated oxides necessary to oxidize

∗ Corresponding author. Tel.: +886 2 27376624; fax: +886 2 27376644.
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CO at lower potentials. Thus, the CO adsorbed on Pt is
idized by the second metal through a so-called bifuncti
mechanism[26,27], i.e.,

Ru+ H2O → Ru− OH + H+ + e− (1)

Pt− CO+ Ru− OH → Pt+ Ru+ CO2 + H+ + e− (2)

The Pt–Ru catalyst is supported on a high-surface-are
bon support such as Vulcan XC-72 in order to achieve
dispersion. Several techniques have been used to prepa
catalysts, such as colloidal chemistry methods[28–32], an
impregnation method[33–37], and a reverse micelles meth
[38,39]. Recently, an alcohol-reduction procedure has
developed for producing Pt–Ru/C catalysts for polymer e
trolyte fuel cells[40]. The prepared metal colloids were s
bilized with a surfactant dodecyldimethyl (3-sulfo-prop
ammonium hydroxide (SB12) during the reduction pro
without influencing the deposition of the colloids on

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Table 1
Preparation conditions for various Pt–Ru/C catalysts

Catalyst Vulcan XC-72
pretreated

Procedure conditions

pH Stir time (h) Reducing
agent (ml)

Nafion (�L) Temperature (◦C) Reflux
time (h)

MEC-01 HNO3 11 4 15 1716 70 5
MEC-02 HNO3 11 4 25 1716 70 5
MEC-03 HNO3 11 4 35 1716 70 5
MEC-04 HNO3 11 4 15 0 70 5

carbon support. The procedure has also been widely used
in the preparation of metal colloids for homogeneous cataly-
sis[41–43]as well as for heterogeneous catalysis[44–46]. In
both the cases, nano-sized and well-dispersed metal colloids
can be formed and stabilized in aqueous solution with the ex-
istence of polymer. Gold core and palladuim shell bimetallic
clusters protected by polymers have also been prepared by
an alcohol-reduction method[47].

In this communication, a nano-sized Pt–Ru/C catalyst has
been produced using a modified alcohol-reduction method
in which a small amount of Nafion is introduced during
the preparation step. Addition of Nafion into the catalytic
layer is believed to enhance the activity of Pt–Ru catalysts
for the electro-oxidation of methanol by acting as a better
dispersing agent and by increasing the ionic (protonic) con-
ductivity. Earlier studies revealed that Nafion could be in-
troduced into the catalyst layer by the deposition on top of
the nanoparticles[48], by deposition both above and below
the nanoparticles[49], or by mixing into nanoparticle ink
[50]. The present study examines the influence of Nafion ad-
dition during the catalyst preparation step. The activities of
the prepared Pt–Ru/C catalysts towards methanol oxidation
were monitored and compared with that of standard Pt–Ru/C
(E-TEK 40) catalyst.
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Nafion solution to catalyst was kept at 1:3) were added and
the pH of the mixture was adjusted to 11. After 4 h of stir-
ring, various portions of methanol were added while keeping
the volume of water and methanol solvent mixture constant
for all the compositions. The resulting mixture was stirred
at 70◦C for 5 h, washed with de-ionized water and filtered.
The filtrate was analyzed for Pt and Ru with inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES). The
results disclosed that most of the Pt and Ru was adsorbed on
the carbon support. The catalyst powders after filtration were
dried in an oven at 60◦C. The detailed preparation conditions
were summarized inTable 1.

Powder X-ray diffraction (XRD) patterns for these cat-
alysts were obtained on a diffractometer (Rigaku Dmax-B,
Japan) using a Cu K� source that was operated at 40 kV
and 100 mA. The X-ray diffractograms were obtained at a
scan rate of 0.05◦ s−1 for 2θ values between 20◦ and 90◦.
Transmission electron microscopy (TEM) examination was
performed on JEOL JEM-1010 microscope that operated at
an accelerating voltage of 200 kV. Specimens were prepared
by ultrasonically suspending the catalyst powders in ethanol,
applying the specimen to a copper grid, and drying in air.

X-ray absorption spectroscopy measurements on in-house
prepared MEC-01 and E-TEK 40 Pt–Ru/C catalysts were
performed at the National Synchrotron Radiation Research
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. Experimental

.1. Chemicals

Hydrogen hexachloroplatinate (H2PtCl6·H2O, Acros),
uthenium chloride (RuCl3, Acros), methanol (99.8%
cros), sulfuric acid (97%, Acros) and Nafion® (5 wt.%,
ldrich) were used as-received. Solutions were made
e-ionized water (Millipore, Milli RO60). Commercial Vu
an XC-72 was used as a carbon support. Vulcan XC-72
reated with HNO3 prior to use.

.2. Catalyst preparation and characterization

Various carbon supported Pt–Ru electrocatalysts (M
1, MEC-02, MEC-03 and MEC-04) were synthesized by
lcohol-reduction method employing methanol as a redu
gent. To the mixture of H2PtCl6, RuCl3 various portions o
ater, Vulcan XC-72 and 5 wt.% Nafion solution (ratio
enter (NSRRC), Hsinchu, Taiwan. The storage ring
perated with 1.5 GeV energy with beam currents of

o 200 mA. A Si(1 1 1) monochromator was used and
etuned by 10% to reject higher harmonics. Three ioniza
hambers, optimized for the Pt LIII -edge, were used in ser
o measure the intensities of the incident beam (I0), the beam
ransmitted by the sample (It) and the beam subsequen
ransmitted by a Pt foil (Ir). The Pt foil was used as a referen

Standard procedures were followed to analyze the
ended X-ray absorption fire structure (EXAFS) data. F
he raw absorption spectrum in the pre-edge region wa
ed to a straight line and the background above the
as fitted with a cubic spline. The EXAFS function,χ, was
btained by subtracting the post-edge background from
verall absorption and then normalized with respect to
dge jump step. The normalizedχ(E) was transformed from
nergy space tok-space, where ‘k’ is the photoelectron wav
ector. Theχ(k) data wask3-weighted andk3χ(k) data in the
-space from 3.6 to 17.6̊A−1 was Fourier transformed (F
o r-space.
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2.3. Electrochemical half-cell measurements and
impedance analysis

Half-cell performance tests were performed in a three-
electrode cell. A Pt wire and a saturated calomel electrode
(SCE) were used as counter electrode and reference electrode,
respectively. All the potentials in this paper are reported with
respect to the standard hydrogen electrode (SHE). The work-
ing electrode was prepared as follow. The catalyst powder
was dispersed in 5 wt.% Nafion® and isopropanol solution by
keeping the ratio of catalyst to Nafion® at 1:3. From this so-
lution, slurry containing approximately 1.87–2 mgPt–Ru was
dispersed on carbon cloth and dried at 75◦C for 1 min. The
electrolyte solution contained 0.5 M H2SO4 and various con-
centrations of CH3OH and was prepared with de-ionized wa-
ter. A potentiostat (AUTO LAB, eco chemie, PGSTAT 20)
was used for all the half-cell measurements. An electrochem-
ical cell that consisted of a Pt–Ru/C catalyst pressed on Au
ring as the working electrode (which was situated in a special
Teflon holder), a saturated calomel electrode (SCE) as the
reference electrode, and a Pt wire as the counter electrode
was connected to Solartron 1260 & 1286 Impedance ana-
lyzer for electrochemical impedance spectroscopy analysis.
The impedance of the working electrode in methanol con-
centrations of 5–50% was measured. The impedance spectra
w 1 Hz.
T mV.
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Fig. 1. XRD patterns of in-house prepared Pt–Ru/C catalyst powders.

Fig. 2. Comparison of XRD patterns of MEC-01; E-TEK 40 and Pt JCPDS
file (04-802).

Table 2
Particle sizes of in-house prepared Pt–Ru/C catalysts and E-TEK 40 Pt–Ru/C

Catalyst Nafion
(�L)

Methanol
(mL)

Particle size
(nm), TEM

Particle size
(nm), XRD

MEC-01 1716 15 3–4 3.3
MEC-03 1716 25 3–15 –
MEC-04 0 15 5–7 –
E-TEK 40 0 – 2–3 2.4
ere obtained at frequencies between 100 kHz and 0.0
he amplitude of the sinusoidal potential signal was 10

. Results and discussion

.1. Structure of Pt–Ru/C catalysts

The XRD patterns of various in-house prepared cata
re shown inFig. 1. The wide peak near 2θ = 25◦ correspond

o diffraction of the carbon support. The diffraction peak
he Pt–Ru catalyst curves match the (1 1 1), (2 0 0), (2
nd (3 1 1) characteristics of a platinum fcc structure,
re shifted slightly to higher 2θ values. There are also
bservable lines in the XRD scans that correspond to
f tetragonal RuO2 and of the hcp structure of pure rutheniu

f the homogeneous solid-solution of Pt–Ru is not form
hen the XRD spectra of pure Ru in an hcp structure wou
bserved in the scan. The increase in 2θ values corresponds
decrease in the lattice constants due to the incorporat
u atoms. Such incorporation in the fcc structure of plati

ndicate the formation of Pt–Ru alloy in the catalyst[51].
The X-ray diffraction pattern for the in-house prepa

atalyst MEC-01 was compared with the commercial E-T
0 Pt–Ru/C catalyst, as shown inFig. 2. The average part
le size was determined using the peak associated wi
2 2 0) plane of fcc Pt by using Scherrer’s equation[52], and
eeTable 2. It is believed that in the (2 2 0) peak region th
re no reflection signals associated with the carbon sup
he dispersion of metal particles in the carbon support

nvestigated by TEM for Pt–Ru/C catalysts. The TEM ima
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Fig. 3. TEM images of in-house prepared Pt–Ru/C catalysts. (a) MEC-01, (b) MEC-03 and (c) MEC-04.

of in-house prepared Pt–Ru/C catalysts shown inFig. 3(a)–(c)
reveal that metal particles of high contrast are well dispersed
over the surface of the carbon. The standard Pt–Ru/C (E-TEK
40) catalyst shows a similar dispersion pattern over the carbon
support (Fig. 4) when compared with the in-house prepared
Pt–Ru/C catalyst MEC-01 (Fig. 3(a)). The addition of Nafion
facilitates the dispersion of Pt–Ru particles on the carbon sup-
port. The average particle sizes of the in-house prepared cata-
lysts are given inTable 2. This found that the catalyst prepared
with Nafion addition (MEC-01, 3–4 nm) has a smaller particle
size than that of catalyst prepared without Nafion (MEC-04,
5–7 nm). Probably the addition of Nafion during the prepa-
ration stage results in the controlled reduction of metal ions
to form catalysts with lesser particle sizes. The addition of
Nafion eliminates the use of stabilizers, which are commonly

used to prevent cluster agglomeration[53–55]. Even though
the addition of stabilizers prevents agglomeration and coa-
lescence of the metal particles on the supports, their removal
prior to the electrochemical measurements require complex
procedures[56]. The addition of Nafion in the present in-
vestigation serves a dual advantageous role, namely: Nafion
disperses well the catalyst particles on the carbon support,
Nafion can also be used to control the size of the Pt–Ru par-
ticles formed. There is, however, a difference in particle size
between the catalysts prepared with the same Nafion con-
tent (seeTable 2). The catalyst produced with a low reduc-
ing agent concentration has a lower particle size (MEC-01,
3–4 nm), whereas the catalyst prepared with a high reduc-
ing agent concentration has a large particle size (MEC-03,
3–15 nm). With increasing concentration of reducing agent
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Fig. 4. TEM image of Pt–Ru/C (E-TEK 40) catalyst.

from MEC-01 to MEC-03, the driving force for the reduction
increases. This causes particle agglomeration and results in
the formation of catalysts with large particle sizes.

3.2. Electrochemical half-cell measurements

The reactivities of the in-house prepared Pt–Ru/C catalysts
(MEC-01, MEC-02 and MEC-03) and standard Pt–Ru/C (E-
TEK 40) catalyst towards methanol electro-oxidation were
evaluated by performing half-cell measurements on the cata-
lysts at 40◦C with varying concentrations of methanol. The
results are presented inFig. 5. The potential was swept be-
tween 0 and 1.0 V at 0.07 mV s−1. The mass activities of both
in-house prepared and commercial E-TEK 40 evaluated from
Fig. 5(a)–(d) are listed inTable 3. For the catalysts MEC-01
and MEC-02 (Fig. 5(a) and (b)) at potentials above 0.35 V,
the mass activity increases slightly with increase in methanol
concentrations from 5 to 35%, and there after they start to
decrease. The same pattern was observed for the standard
Pt–Ru/C (E-TEK 40) catalyst (Fig. 5(d)). For the catalyst
MEC-03, however, the mass activity decreases with increase
in methanol concentration from 5 to 35%, and then starts
to increase (Fig. 5(c)). The onset of methanol oxidation for
MEC-01 for 5% methanol concentration (0.325 V), which
is low compared with the onset potential for the standard
P on-
s f the
m yer
c et
p her
e

Table 3
Mass activity (mA mg−1) of various Pt–Ru/C catalysts at 40◦C and at various
methanol concentrations calculated from anode current–potential curves of
Fig. 5

Catalyst Voltage (V) Mass activity (mA mg−1)

5%
CH3OH

15%
CH3OH

35%
CH3OH

50%
CH3OH

MEC-01 0.4 1.62 3.11 2.67 2.48
MEC-01 0.6 10.95 15.38 14.37 12.1
MEC-01 0.8 22.79 31.14 29.7 25.22

MEC-02 0.4 0.04 0.07 0.11 0.11
MEC-02 0.6 1.16 2.25 3.05 2.72
MEC-02 0.8 4.38 7.32 9.38 7.97

MEC-03 0.4 1.82 1.65 1.22 1.97
MEC-03 0.6 11.3 9.97 7.86 8.45
MEC-03 0.8 23.1 20.6 17.05 18.42

E-TEK 40 0.4 0.55 2.48 2.74 2.01
E-TEK 40 0.6 5.56 17.37 17.95 14.27
E-TEK 40 0.8 7.98 35.7 38.61 29.68

Watanabe and coworkers[58] have used the variation in onset
potential of methanol oxidation to probe the enhanced cat-
alytic activity of Pt–Ru catalysts over a Pt catalyst. In present
studies, it has been found that the onset potential for methanol
oxidation on the in-house prepared catalyst (MEC-01) is sig-
nificantly lower than that on standard E-TEK 40 Pt–Ru/C
catalyst for all methanol concentrations studied (Fig. 6). This
could be due to surface structural variations in the in-house
prepared catalyst, which makes the dissociation of water on
Ru faster at low potentials and, thereby, the surface adsorbed
hydroxides (Ru–OH) oxidize the CO (or organic) species that
are adsorbed on neighboring Pt sites in accordance with the
bifunctional mechanism[26,27].

The electrode performances of the in-house prepared
Pt–Ru/C and standard Pt–Ru/C (E-TEK 40) catalysts are
compared inFig. 7. The results from current–potential curves
reveal that the in-house prepared catalysts MEC-01 and
MEC-03 give higher performance than the standard Pt–Ru/C
(E-TEK 40) catalyst (Fig. 7(a)) for 5% methanol concen-
tration. For 15% methanol at 0.4 V, which is technologically
interesting for DMFC applications, the MEC-01 Pt–Ru/C cat-
alyst is the most active, while at more positive potentials the
E-TEK 40 Pt–Ru/C catalyst is the most active (Fig. 7(b)).
Similar results are observed for 35 and 50% methanol concen-
trations, see inFig. 7(c) and (d), respectively. The impedance
r ata
a EC-
0 -TEK
4 lytic
a mo-
g pport
w es-
e lyst
w cat-
a

t–Ru/C (E-TEK 40) catalyst (0.35 V versus NHE). The
et potential is defined as the potential at which 5% o
aximum current density at 0.7 V (minus the double-la

apacity) is reached[57]. It is well known that a lower ons
otential for methanol oxidation has to be used for hig
lectrocatalytic activity. Both Leger and coworkers[57] and
esults (Table 5) agree well with the current–potential d
nd reveal that at an electrode potential of 0.4 V, the M
1 Pt–Ru/C catalyst has a lower resistance than the E
0 catalyst at all methanol concentrations. The high cata
ctivity of the MEC-01 catalyst may be attributed to a ho
eneous dispersion of metal particles on the carbon su
ith narrow particle-size distribution. In addition, the pr
nce of Nafion inside the catalytic layer the MEC-01 cata
ould have improved the performance over commercial
lyst.
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Fig. 5. Anodic current–potential curves of various Pt–Ru/C electrodes at 40◦C and in various methanol concentrations. (a) MEC-01, (b) MEC-02, (c) MEC-03
and (d) E-TEK 40.

Fig. 6. Comparison of onset potential (Eonset) for methanol oxidation on in-
house prepared Pt–Ru/C catalyst (MEC-01) and standard Pt–Ru/C catalyst
(E-TEK 40) obtained fromFig. 5(a) and (d), respectively.

Conclusions about the electrocatalytic activity of Pt–Ru
materials for methanol oxidation cannot be simply drawn
from the characterization of as-prepared samples. X-ray
absorption spectroscopy of the X-ray near edge structure
(XANES) and the Extended X-ray absorption fine structure
(EXAFS) is required for detailed characterization of the cat-
alysts towards methanol oxidation.

3.3. X-ray absorption spectroscopy (XANES, EXAFS)
measurements

Comparison of XANES features of the in-house prepared
Pt–Ru/C catalyst (MEC-01) with the commercial E-TEK 40
catalyst at the Pt LIII -edge are presented inFig. 8. It is seen
that the MEC-01 catalyst has similar features to those of the
commercial catalyst samples on the continuum, which indi-
cates a similar environment for the Pt atoms in all samples.
The white line at the Pt LIII -edge is an absorption threshold
resonance; it is attributed to the electronic transitions from
2p3/2 to unoccupied states above the Fermi level and is sensi-
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Fig. 7. Comparison of anode performance of various Pt–Ru/C electrodes at 40◦C in (a) 5% methanol, (b) 15% methanol, (c) 35% methanol and (d) 50%
methanol.

Table 4
EXAFS fit parameters at Pt LIII -edge of MEC-01 and E-TEK 40 Pt–Ru/C catalysts

Sample Shell Calculated parameters S2
0 = 0.05

N R(Å) �σ2
j (Å2) �E0 (ev) R factor

MEC-01 (20% Pt, 10% Ru) Pt–Ru 1.7 (0.5) 2.702 (0.010) 0.0047 (0.0014) 4.8 (2.0) 0.001
Pt–Pt 6.4 (0.6) 2.746 (0.005) 0.0065 (0.0004) 5.5 (0.9)

E-TEK (26.67% Pt, 13.33% Ru) Pt–Ru 1.87 (0.2) 2.707 (0.003) 0.0052 (0.0002) 3.7 (0.9) 0.005
Pt–Pt 6.2 (0.3) 2.745 (0.002) 0.0070 (0.0001) 6.2 (0.6)

tive to changes in electron occupancy in the valence orbitals
of the absorber[59]. Considerable differences are observed in
the white line region between the prepared catalyst with those
of commercial catalysts. The white line area is increased in
the case of MEC-01, which signifies an increase in the d-
band vacancies in Pt as a result of electron transfer from Pt
or Ru caused by bimetallic interactions in the prepared cat-
alyst. When the electron density is lower at Pt, there is a
possibility of weakened CO adsorption and hence a higher
methanol oxidation rate. This may be the reason for the supe-

rior performance of MEC-01 over E-TEK 40 at 5% methanol
concentration. At higher methanol concentrations, however,
the weakening of CO may be decreased in MEC-01 compared
with E-TEK 40, and hence there is a decrease in methanol ox-
idation performance. A systematic investigation is required
to confirm this assumption and will be addressed in future
work. Lin et al.[60] have related the enhanced intensity of the
white line area of the prepared Pt–Ru/C catalyst to the higher
performance of their prepared Pt–Ru/C catalyst compared
with that of a commercial Pt–Ru/C catalyst. Page et al.[61]
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Fig. 8. Pt LIII -edge XANES spectra of MEC-01, E-TEK 40 Pt–Ru/C cata-
lysts and Pt foil.

have found a reduced white line for Pt–Ru/C catalysts com-
pared with a commercial Pt–Ru/C catalyst and have related
this observation in prior to the electrochemical performance
of the prepared catalyst. Normalized EXAFS (k3-weighted)
data for the Pt foil, MEC-01 catalyst and E-TEK 40 Pt–Ru/C
electrocatalyst are shown inFig. 9. The three data sets exhibit
similarity even at higherk values. Thek3-weighted EXAFS
data were Fourier transformed, as shown inFig. 10. For the
Pt–Ru/C catalysts, splitting of the peak corresponding to the
first coordination shell is observed and is caused by the in-
terference between backscattering from Pt and Ru neighbors.
This phenomenon has been ascribed to the formation of a real
Pt–Ru alloy[62,63]. It is necessary, however, to confirm the
presence of bimetallic interaction from Ru K-edge but due to
energy constraints at NSRRC, Taiwan, only data recorded at
Pt LIII -edge have been examined on MEC-01 and commercial
Pt–Ru/C samples. EXAFS parameters such as coordination
number (N), bond distance (R), Debye–Waller factor (�σ2

j )
and energy shift (�E0) are listed inTable 4. The Pt–Pt as
well as Pt–Ru coordination numbers of both MEC-01 and
E-TEK 40 Pt–Ru/C catalysts are nearly the same and this in-
dicates that the catalysts may have similar structures. For all
samples, the total Pt–Pt and Pt–Ru coordination numbers are

Table 5
Comparison of fitting parameters using equivalent circuit ofFig. 12for E-TEK 40 and MEC-01 Pt–Ru/C catalyst electrodes at 40◦C, 0.4 V and various methanol
c

E ) CPE1-P (F mg−1) R2 (mg�) CPE2-T (F mg−1) CPE2-P (F mg−1)

E 0.73 139.49 0.0386 0.93
0.76 73.797 0.0378 0.92
0.7 37.026 0.0362 0.91
0.54 38.811 0.0362 0.93

M 0.66 26.18 0.0691 0.9
0.61 17.688 0.0667 0.92
0.61 14.74 0..0655 0.9
0.43 13.618 0.0794 0.95

Fig. 9. k3-Weighted EXAFS spectra of Pt foil, MEC-01, E-TEK 40 Pt–Ru/C
catalysts.

Fig. 10. Fourier transformed EXAFS spectra of MEC-01, E-TEK 40
Pt–Ru/C catalysts and Pt foil.
oncentrations

lectrode MeOH (%) Rs (mg�) R1 (mg�) CPE1-T (F mg−1

-TEK 40 5 0.867 0.454 0.0006
15 1.046 0.469 0.0005
35 1.25 0.485 0.001
50 1.658 0.714 0.0072

EC-01 5 0.045 0.121 0.0018
15 0.061 0.176 0.0035
35 0.704 0.187 0.0033
50 0.913 0.286 0.034



52 L.S. Sarma et al. / Journal of Power Sources 139 (2005) 44–54

considerably smaller than that in bulk Pt (N= 12), and this is
consistent with the formation of highly dispersed and small
particle Pt-based alloys.

3.4. Electrochemical impedance spectroscopy analysis

ac impedance spectroscopy is a direct method for the study
of various electrochemical processes involved in the oper-
ation of DMFCs. Nyquist plots for the standard Pt–Ru-C
(E-TEK 40) catalyst and in-house prepared Pt–Ru-C (MEC-
01) catalyst at various methanol concentrations at 40◦C
and at bias potential of 0.4 V are were shown inFig. 11(a)
and (b), respectively. The Nyquist plots agree well with the
experimentally observed plots when the equivalent circuit
shown in Fig. 12, which has been based on the discus-
sion the impedance in PEMFCs[64] and modified to fit the
present three-electrode cell arrangement, is used to model the
impedance behaviour of Pt–Ru/C electrodes.Rs is the solu-
tion resistance,R1 is the interfacial resistance between the
catalyst and the Au ring in parallel with a constant phase el-
ement (CPE1) andR2 is the charge-transfer resistance due to
methanol oxidation kinetics in parallel with a constant phase
element (CPE2). The fitting parameters using this equivalent
circuit are shown inTable 5. The solution resistance (Rs)
increases in small amounts with increase in methanol con-
c EK
4 lyst,
b solu-
t tion
a rode,
i ncen-
t ance
b ll
i sorp-
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s
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Fig. 11. Nyquist diagrams at of 0.4 V and of 40◦C. (a) E-TEK 40 catalyst,
(b) in-house prepared MEC-01 Pt–Ru/C catalyst.

Fig. 12. Equivalent circuit for evaluation of impedance spectra measured
during electro-oxidation of methanol on Pt–Ru/C catalysts.
entration both for the standard Pt–Ru/C catalyst (E-T
0) and for the in-house prepared MEC-01 Pt–Ru/C cata
ut the extent of the increase is small. Even though the
ion resistance is a bulk property of the electrolyte solu
nd independent of the interfacial properties of the elect

t is reasonable to expect a small increase as the co
ration of methanol is increased. The interfacial resist
etween the catalyst and the Au ring (R1) also shows a sma

ncrease for both catalysts. The increase in methanol ad
ion on the catalyst with concentration will probably incre
he interfacial resistance to a small extent. The imped
pectra for the E-TEK 40 catalyst shown inFig. 11(a) dis-
lay a semicircle in the low-frequency region. The ma

ude of this semicircle decreases as the methanol co
ration is increased from 5 to 35%, while the correspon
hange-transfer resistance (R2) decreases and then sligh
ncreases for 50% methanol. It is well known that the m
itude of the semicircle is related to the resistance due t
ethanol electro-oxidation kinetics[65,66]. The extent of th
ecrease in resistance indicates the increasing driving

or the methanol oxidation process. The data inFig. 11(a)
ndTable 5clearly indicate that the E-TEK 40 catalyst ha

ower resistance at 35% methanol and a higher resistan
0% methanol. The impedance results for the E-TEK 40

rode at 0.4 V are in agreement with the polarization curv
.4 V, which suggests that the mass activity increases
5% methanol concentration and then decreases. Stud

he MEC-01 Pt–Ru/C catalyst show that the resistance v
ecrease with increasing methanol concentration (Fig. 11(b)
ndTable 5) and all the values are well below those of
EK 40. The specific resistance of E-TEK 40 and MEC
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Fig. 13. Relationship between specific resistance (R2) and methanol con-
centration of E-TEK 40 and MEC-01 Pt–Ru/C catalysts.

catalysts is plotted against various methanol concentrations
in Fig. 13. For all methanol concentrations, the commercial
E-TEK 40 catalyst exhibits higher specific resistance. Half-
cell polarization and impedance analysis demonstrate that the
Pt–Ru/C (MEC-01) gives a showed higher performance than
the standard Pt–Ru/C (E-TEK 40) catalyst.

4. Conclusions

Well-dispersed Pt–Ru particles deposited on a Vulcan
XC-72 carbon support via the alcohol-reduction method for
methanol electro-oxidation. The addition of small amounts of
Nafion in the catalyst preparation step enhances the electro-
catalytic activity compared with that of commercial Pt–Ru/C
(E-TEK 40) catalyst.
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