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Abstract

The Nafion stabilized alcohol-reduction method has been used to prepare Pt—Ru catalysts supported on Vulcan XC-72. The particle siz
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 investigate«
at electrode potentials of interest for fuel cells. The addition of Nafion during catalyst preparation enhances the methanol electro-oxidatior
activity even for low methanol concentrations. The in-house prepared Pt—Ru/C catalysts (MEC-01 and MEC-03) in8@,Mith 5%
methanol at 40C display a higher catalytic activity than a standard Pt—Ru/C (E-TEK 40) catalyst. In 5% methanol, the impedance of the
in-house catalyst is lower than that of the standard Pt—Ru/C (E-TEK 40) catalyst, viz., 26¢18engus 139.49 m@. The Structure of the
in-house prepared MEC-01 catalyst is compared with that of commercial E-TEK 40 by means of X-ray absorption spectroscopy. The X-ray
absorption near-edge (XANES) of the MEC-01 catalyst at jrtddge shows significant variation in white line intensity compared with that
of the commercial E-TEK 40 catalyst.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction CO at lower potentials. Thus, the CO adsorbed on Pt is ox-
idized by the second metal through a so-called bifunctional
Direct methanol fuel cells (DMFCs) have been the sub- mechanisnj26,27) i.e.,
ject of great interest in the recent years due to their poten-
tial application in electric vehicles and as portable power RU+H20 — Ru—OH+H" + e~ 1)
sourceqg1-12). Although several electrocatalysts have been Pt— CO+RU— OH — Pt+ RU+CO, + HY + & (2)
employed for the oxidation of methanf3-18] Pt is the
preferred anode catalyst. The formation of CO on the cat- The pt—Ru catalyst is supported on a high-surface-area car-
alyst surface blocks the active sites for §IBH oxidation.  pon support such as Vulcan XC-72 in order to achieve high
Therefore, to achieve a reasonable reaction rate, catalystgjispersion. Several techniques have been used to prepare the
with lower overpotentials towards methanol oxidation are catalysts, such as colloidal chemistry meth@8-32] an
required. In recent years, Pt-Ru alloys have received re-jmpregnation methof83-37} and a reverse micelles method
newed attention as the most active anode catalysts for DMFCsi3g 39] Recently, an alcohol-reduction procedure has been
[19-25} The use of Pt alloys is based on the fact that the less geyeloped for producing Pt-Ru/C catalysts for polymer elec-
noble metal forms the hydrated oxides necessary to OX|d|zetro|yte fuel cells40]. The prepared metal colloids were sta-
bilized with a surfactant dodecyldimethyl (3-sulfo-propyl)

* Corresponding author. Tel.: +886 2 27376624; fax: +886 2 27376644, ammonium hydroxide (SB12) during the reduction process
E-mail addressbjh@ch.ntust.edu.tw (B.J. Hwang). without influencing the deposition of the colloids on the
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Table 1
Preparation conditions for various Pt—Ru/C catalysts
Catalyst Vulcan XC-72 Procedure conditions
pretreated e ] )
pH Stir time (h) Reducing Nafion (L) TemperatureqC) Reflux
agent (ml) time (h)
MEC-01 HNG; 11 4 15 1716 70 5
MEC-02 HNG; 11 4 25 1716 70 5
MEC-03 HNG; 11 4 35 1716 70 5
MEC-04 HNG; 11 4 15 0 70 5

carbon support. The procedure has also been widely used\Nafion solution to catalyst was kept at 1:3) were added and
in the preparation of metal colloids for homogeneous cataly- the pH of the mixture was adjusted to 11. After 4 h of stir-
sis[41-43]as well as for heterogeneous cataly4%-46] In ring, various portions of methanol were added while keeping
both the cases, nano-sized and well-dispersed metal colloidghe volume of water and methanol solvent mixture constant
can be formed and stabilized in aqueous solution with the ex-for all the compositions. The resulting mixture was stirred
istence of polymer. Gold core and palladuim shell bimetallic at 70°C for 5 h, washed with de-ionized water and filtered.
clusters protected by polymers have also been prepared byThe filtrate was analyzed for Pt and Ru with inductively cou-
an alcohol-reduction methdd?7]. pled plasma atomic emission spectroscopy (ICP-AES). The
In this communication, a nano-sized Pt—Ru/C catalyst hasresults disclosed that most of the Pt and Ru was adsorbed on
been produced using a modified alcohol-reduction method the carbon support. The catalyst powders after filtration were
in which a small amount of Nafion is introduced during driedinanoven at60C. The detailed preparation conditions
the preparation step. Addition of Nafion into the catalytic were summarized ifiable 1
layer is believed to enhance the activity of Pt—Ru catalysts = Powder X-ray diffraction (XRD) patterns for these cat-
for the electro-oxidation of methanol by acting as a better alysts were obtained on a diffractometer (Rigaku Dmax-B,
dispersing agent and by increasing the ionic (protonic) con- Japan) using a Cu & source that was operated at 40 kV
ductivity. Earlier studies revealed that Nafion could be in- and 100 mA. The X-ray diffractograms were obtained at a
troduced into the catalyst layer by the deposition on top of scan rate of 0.05 ! for 20 values between 20and 90.
the nanoparticlep48], by deposition both above and below Transmission electron microscopy (TEM) examination was
the nanoparticle$49], or by mixing into nanoparticle ink  performed on JEOL JEM-1010 microscope that operated at
[50]. The present study examines the influence of Nafion ad- an accelerating voltage of 200 kV. Specimens were prepared
dition during the catalyst preparation step. The activities of by ultrasonically suspending the catalyst powders in ethanol,
the prepared Pt—Ru/C catalysts towards methanol oxidationapplying the specimen to a copper grid, and drying in air.
were monitored and compared with that of standard Pt—Ru/C  X-ray absorption spectroscopy measurements on in-house
(E-TEK 40) catalyst. prepared MEC-01 and E-TEK 40 Pt—Ru/C catalysts were
performed at the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. The storage ring was

2. Experimental operated with 1.5GeV energy with beam currents of 100
to 200mA. A Si(111) monochromator was used and was
2.1. Chemicals detuned by 10% to reject higher harmonics. Three ionization
chambers, optimized for the Pfjl-edge, were used in series
Hydrogen hexachloroplatinate $§AtCk-H2O, Acros), to measure the intensities of the incident be&g)) the beam
ruthenium chloride (RuG| Acros), methanol (99.8%, transmitted by the sampld; and the beam subsequently
Acros), sulfuric acid (97%, Acros) and Naffén(5wt.%, transmitted by a Ptfoil(). The Ptfoilwas used as areference.

Aldrich) were used as-received. Solutions were made with  Standard procedures were followed to analyze the Ex-
de-ionized water (Millipore, Milli RO60). Commercial Vul-  tended X-ray absorption fire structure (EXAFS) data. First,
can XC-72 was used as a carbon support. Vulcan XC-72 wasthe raw absorption spectrum in the pre-edge region was fit-

treated with HNQ prior to use. ted to a straight line and the background above the edge
was fitted with a cubic spline. The EXAFS function,was
2.2. Catalyst preparation and characterization obtained by subtracting the post-edge background from the

overall absorption and then normalized with respect to the
Various carbon supported Pt—Ru electrocatalysts (MEC- edge jump step. The normalizg@E) was transformed from
01, MEC-02, MEC-03 and MEC-04) were synthesized by the energy space tk-space, wherek' is the photoelectron wave
alcohol-reduction method employing methanol as a reducing vector. They (k) data wasj.@-weighted and3x(k) data in the
agent. To the mixture of PtCI6, RuC} various portions of k-space from 3.6 to 1781 was Fourier transformed (FT)
water, Vulcan XC-72 and 5wt.% Nafion solution (ratio of tor-space.
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2.3. Electrochemical half-cell measurements and Pt20%, Rul0% in housd
impedance analysis MEC-04

LU

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.% NafiBrand isopropanol solution by
keeping the ratio of catalyst to NafiBrat 1:3. From this so-
lution, slurry containing approximately 1.87-2 pg, was 'pao%, Rul0% in'house
dispersed on carbon cloth and dried at@5for 1 min. The - C ‘ MEC-01
electrolyte solution contained 0.5 Mb8BO4 and various con-
centrations of CHOH and was prepared with de-ionized wa- . . , ) , !
ter. A potentiostat (AUTO LAB, eco chemie, PGSTAT 20) e R T
was used for all the half-cell measurements. An electrochem- :
ical cell that consisted of a Pt—Ru/C catalyst pressed on Au T TH I T‘ ﬂﬁ
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
were obtained at frequencies between 100 kHz and 0.01 Hz.

1
Pt20%, Ru10% in house|

MEC-03

] Il
Pt20%, Ru10% in house|
MEC-02

Intensity

Fig. 1. XRD patterns of in-house prepared Pt—Ru/C catalyst powders.
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3. Results and discussion .
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3.1. Structure of Pt—Ru/C catalysts

2 800 —
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The XRD patterns of various in-house prepared catalysts é 600 =
are shown irFig. 1 The wide peak nea2= 25° corresponds - -

to diffraction of the carbon support. The diffraction peaks in 400 = MEC-01
the Pt—Ru catalyst curves match the (111), (200), (220), .

and (311) characteristics of a platinum fcc structure, but 200 =

are shifted slightly to higher@values. There are also no 0 _' N Bt JCPDS
observable lines in the XRD scans that correspond to those N ] l[ H
oftetragonal Ru@and of the hcp structure of pure ruthenium. -200

rTrrrrrrtrvrt
0 20 40 60 80 100
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If the homogeneous solid-solution of Pt—Ru is not formed,
then the XRD spectra of pure Ru in an hcp structure would be
observedinthe scan. The increasedwalues corresponds to
a decrease in the lattice constants due to the incorporation of,:ig_ 2. Comparison of XRD patterns of MEC-01; E-TEK 40 and Pt JCPDS
Ru atoms. Such incorporation in the fcc structure of platinum fjie (04-802).
indicate the formation of Pt—Ru alloy in the catal{&t].

The X-ray diffraction pattern for the in-house prepared
catalyst MEC-01 was compared with the commercial E-TEK Table 2
40 Pt—Ru/C catalyst, as shownfig. 2 The average parti- Particle sizes of in-house prepared Pt—Ru/C catalysts and E-TEK 40 Pt—Ru/C
cle size was determined using the peak associated with theCatalyst ~ Nafion ~ Methanol Particle size Particle size

(2 20) plane of fcc Pt by using Scherrer’s equafi2], and (kL) (mL) (nm), TEM (nm), XRD
seeTable 2 Itis believed that in the (2 2 0) peak region there MEC-01 1716 15 3-4 33
are no reflection signals associated with the carbon support MEC-03 1716 25 3-15 -
. : S MEC-04 0 15 5-7 -
The dispersion of metal particles in the carbon support was E-TEK 40 0 - 53 24

investigated by TEM for Pt—Ru/C catalysts. The TEM images
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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.

ofin-house prepared Pt—Ru/C catalysts show#ign3(a)—(c) used to prevent cluster agglomerat{68-55] Even though
reveal that metal particles of high contrast are well dispersedthe addition of stabilizers prevents agglomeration and coa-
over the surface of the carbon. The standard Pt—Ru/C (E-TEKIlescence of the metal particles on the supports, their removal
40) catalyst shows a similar dispersion pattern over the carbonprior to the electrochemical measurements require complex
support Fig. 4 when compared with the in-house prepared procedureg56]. The addition of Nafion in the present in-
Pt—Ru/C catalyst MEC-0Hg. 3(a)). The addition of Nafion  vestigation serves a dual advantageous role, namely: Nafion
facilitates the dispersion of Pt—Ru particles on the carbon sup-disperses well the catalyst particles on the carbon support,
port. The average particle sizes of the in-house prepared cataNafion can also be used to control the size of the Pt—Ru par-
lysts are giveniable 2 This found that the catalyst prepared ticles formed. There is, however, a difference in particle size
with Nafion addition (MEC-01, 3—4 nm) has a smaller particle between the catalysts prepared with the same Nafion con-
size than that of catalyst prepared without Nafion (MEC-04, tent (se€Table 2. The catalyst produced with a low reduc-
5—7 nm). Probably the addition of Nafion during the prepa- ing agent concentration has a lower particle size (MEC-01,
ration stage results in the controlled reduction of metal ions 3—-4 nm), whereas the catalyst prepared with a high reduc-
to form catalysts with lesser particle sizes. The addition of ing agent concentration has a large particle size (MEC-03,
Nafion eliminates the use of stabilizers, which are commonly 3-15 nm). With increasing concentration of reducing agent



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

Table 3

Mass activity (mA mg?) of various Pt—Ru/C catalysts at 40 and at various
methanol concentrations calculated from anode current—potential curves of
Fig. 5

Catalyst Voltage (V) Mass activity (mA mg)

5% 15% 35% 50%

CH3OH CH30OH CH3OH CH3OH
MEC-01 0.4 162 311 267 248
MEC-01 0.6 1095 1538 1437 121
MEC-01 0.8 2279 3114 297 2522
MEC-02 0.4 004 007 011 011
MEC-02 0.6 116 225 305 272
MEC-02 0.8 438 7.32 938 7.97
MEC-03 0.4 182 165 122 197
MEC-03 0.6 113 997 7.86 845
MEC-03 0.8 231 206 17.05 1842
E-TEK 40 0.4 055 248 274 201
E-TEK 40 0.6 556 1737 1795 1427
E-TEK 40 0.8 798 357 3861 2968

Watanabe and coworkdis8] 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
o ) studies, it has been found that the onset potential for methanol
from MEC-01 to MEC-03, the driving force for the reduction ,yiqation on the in-house prepared catalyst (MEC-01) is sig-
increases. This causes particle agglomeration and results inyificantly lower than that on standard E-TEK 40 Pt—Ru/C

Fig. 4. TEM image of Pt—-Ru/C (E-TEK 40) catalyst.

the formation of catalysts with large particle sizes. catalyst for all methanol concentrations studigig(6). This
could be due to surface structural variations in the in-house
3.2. Electrochemical half-cell measurements prepared catalyst, which makes the dissociation of water on

Ru faster at low potentials and, thereby, the surface adsorbed

The reactivities of the in-house prepared Pt—Ru/C catalystshydroxides (Ru—OH) oxidize the CO (or organic) species that
(MEC-01, MEC-02 and MEC-03) and standard Pt—Ru/C (E- are adsorbed on neighboring Pt sites in accordance with the
TEK 40) catalyst towards methanol electro-oxidation were bifunctional mechanisrf26,27]
evaluated by performing half-cell measurements on the cata- The electrode performances of the in-house prepared
lysts at 40°C with varying concentrations of methanol. The Pt—Ru/C and standard Pt—Ru/C (E-TEK 40) catalysts are
results are presented ig. 5. The potential was swept be- compared irFig. 7. The results from current—potential curves
tween O and 1.0V at 0.07 mV'$. The mass activities of both  reveal that the in-house prepared catalysts MEC-01 and
in-house prepared and commercial E-TEK 40 evaluated from MEC-03 give higher performance than the standard Pt—Ru/C
Fig. X@)—(d) are listed iMable 3 For the catalysts MEC-01  (E-TEK 40) catalyst Fig. 7(a)) for 5% methanol concen-
and MEC-02 Fig. 5a) and (b)) at potentials above 0.35V, tration. For 15% methanol at 0.4V, which is technologically
the mass activity increases slightly with increase in methanol interesting for DMFC applications, the MEC-01 Pt—Ru/C cat-
concentrations from 5 to 35%, and there after they start to alyst is the most active, while at more positive potentials the
decrease. The same pattern was observed for the standarB-TEK 40 Pt—Ru/C catalyst is the most actived. 7(b)).
Pt—Ru/C (E-TEK 40) catalystHg. 5d)). For the catalyst  Similarresults are observed for 35 and 50% methanol concen-
MEC-03, however, the mass activity decreases with increasetrations, see ifrig. 7(c) and (d), respectively. The impedance
in methanol concentration from 5 to 35%, and then starts results Table § agree well with the current—potential data
to increaseKig. 5(c)). The onset of methanol oxidation for and reveal that at an electrode potential of 0.4V, the MEC-
MEC-01 for 5% methanol concentration (0.325V), which 01 Pt—Ru/C catalyst has a lower resistance than the E-TEK
is low compared with the onset potential for the standard 40 catalyst at all methanol concentrations. The high catalytic
Pt—Ru/C (E-TEK 40) catalyst (0.35V versus NHE). The on- activity of the MEC-01 catalyst may be attributed to a homo-
set potential is defined as the potential at which 5% of the geneous dispersion of metal particles on the carbon support
maximum current density at 0.7 V (minus the double-layer with narrow particle-size distribution. In addition, the pres-
capacity) is reachef7]. It is well known that a lower onset  ence of Nafion inside the catalytic layer the MEC-01 catalyst
potential for methanol oxidation has to be used for higher would have improved the performance over commercial cat-
electrocatalytic activity. Both Leger and cowork§sg] and alyst.
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Fig. 5. Anodic current—potential curves of various Pt—Ru/C electrodes’& 40d in various methanol concentrations. (a) MEC-01, (b) MEC-02, (c) MEC-03
and (d) E-TEK 40.

T Conclusions about the electrocatalytic activity of Pt—-Ru
040 = ® materials for methanol oxidation cannot be simply drawn
4 from the characterization of as-prepared samples. X-ray
0.38 absorption spectroscopy of the X-ray near edge structure
' — = — MEC-01 (XANES) and the Extended X-ray absorption fine structure
w T — & — ETEK 40 (EXAFS) is required for detailed characterization of the cat-
< 036 alysts towards methanol oxidation.
% -
>—-
g 034 = '\ 3.3. X-ray absorption spectroscopy (XANES, EXAFS)
" 5 1. -\\ measurements
0.32 *
i Comparison of XANES features of the in-house prepared
\ Pt—Ru/C catalyst (MEC-01) with the commercial E-TEK 40
0-30 . " catalyst at the Pt |y -edge are presented Fig. 8. It is seen
| B e R e ] that the MEC-01 catalyst has similar features to those of the
0 10 20 30 40 30 commercial catalyst samples on the continuum, which indi-
[MeOH] % L . .
cates a similar environment for the Pt atoms in all samples.

Fig. 6. Comparison of onset potenti&hse) for methanol oxidation on in-

The white line at the Pt l4-edge is an absorption threshold

house prepared Pt-Ru/C catalyst (MEC-01) and standard Pt-Ru/C catalysf€Sonance; it is attributed to the electronic transitions from

(E-TEK 40) obtained fronfrig. 5a) and (d), respectively.

2p3/2 to unoccupied states above the Fermilevel and is sensi-
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Fig. 7. Comparison of anode performance of various Pt—Ru/C electrodes @tidda) 5% methanol, (b) 15% methanol, (c) 35% methanol and (d) 50%
methanol.

Table 4
EXAFS fit parameters at Ptjl-edge of MEC-01 and E-TEK 40 Pt—Ru/C catalysts
Sample Shell Calculated parameters 52 =0.05
N R(A) Ao? (A?) AEq (ev) Rfactor
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 orbitalsrior performance of MEC-01 over E-TEK 40 at 5% methanol
of the absorbgb9]. Considerable differences are observedin concentration. At higher methanol concentrations, however,
the white line region between the prepared catalyst with thosethe weakening of CO may be decreased in MEC-01 compared
of commercial catalysts. The white line area is increased in with E-TEK 40, and hence there is a decrease in methanol ox-
the case of MEC-01, which signifies an increase in the d- idation performance. A systematic investigation is required
band vacancies in Pt as a result of electron transfer from Ptto confirm this assumption and will be addressed in future
or Ru caused by bimetallic interactions in the prepared cat- work. Lin et al.[60] have related the enhanced intensity of the
alyst. When the electron density is lower at Pt, there is a white line area of the prepared Pt—Ru/C catalyst to the higher
possibility of weakened CO adsorption and hence a higher performance of their prepared Pt—Ru/C catalyst compared
methanol oxidation rate. This may be the reason for the supe-with that of a commercial Pt—Ru/C catalyst. Page eftdl]
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Fig. 8. Pt Ly, -edge XANES spectra of MEC-01, E-TEK 40 Pt—Ru/C cata-

lysts and Pt foil. k/A

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

have found a reduced white line for Pt—Ru/C catalysts com- catalysts.

pared with a commercial Pt—Ru/C catalyst and have related

this observation in prior to the electrochemical performance

of the prepared catalyst. Normalized EXARS-(veighted) 4%
data for the Pt foil, MEC-01 catalyst and E-TEK 40 Pt-Ru/C B rErcziie BEegs: F
electrocatalyst are shownliig. 9. The three data sets exhibit —— Pt foil .

similarity even at highek values. Thed-weighted EXAFS 30 o
data were Fourier transformed, as showirig. 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
PtLy -edge have been examined on MEC-01 and commercial
Pt—Ru/C samples. EXAFS parameters such as coordination
number N), bond distanceR), Debye—-Waller factor[@oj?) 0 oA
and energy shift AEg) are listed inTable 4 The Pt—Pt as 0 1 2 3 4 5 6

well as Pt—Ru coordination numbers of both MEC-01 and R/A

E-TEK 40 Pt—Ru/C catalysts are nearly the same and this in-

dicates that the catalysts may have similar structures. For allf'9: 10 Fourier transformed EXAFS spectra of MEC-01, E-TEK 40

Pt—Ru/C catalysts and Pt foil.
samples, the total Pt—Pt and Pt—Ru coordination numbers are Y

20

FT Magnitude

|
l
PIL edge ,
|
|

10

Table 5
Comparison of fitting parameters using equivalent circuitigf 12for E-TEK 40 and MEC-01 Pt—Ru/C catalyst electrodes at@.4 V and various methanol
concentrations

Electrode  MeOH (%) Rs(mgQ) Ri(mgR) CPER-T(Fmgl) CPER-P(Fmgl) Ry(mgQ) CPB-T(Fmg!) CPB-P(Fmg?)

E-TEK 40 5 0.867 0.454 0.0006 0.73 139 0.0386 0.93
15 1.046 0.469 0.0005 0.76 7 0.0378 0.92
35 1.25 0.485 0.001 0.7 326 0.0362 0.91
50 1.658 0.714 0.0072 0.54 1 0.0362 0.93

MEC-01 5 0.045 0.121 0.0018 0.66 .28 0.0691 0.9
15 0.061 0.176 0.0035 0.61 588 0.0667 0.92
35 0.704 0.187 0.0033 0.61 x4 0..0655 0.9

50 0.913 0.286 0.034 0.43 8 0.0794 0.95
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considerably smaller than that in bulk Rt£ 12), and this is 200
consistent with the formation of highly dispersed and small
particle Pt-based alloys.

3.4. Electrochemical impedance spectroscopy analysis

acimpedance 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- §;-100
01) catalyst at various methanol concentrations atClO
and at bias potential of 0.4V are were showrFig. 11(a)
and (b), respectively. The Nyquist plots agree well with the
experimentally observed plots when the equivalent circuit
shown inFig. 12 which has been based on the discus-
sion the impedance in PEMF@84] and modified to fit the
present three-electrode cell arrangement, is used to model th
impedance behaviour of Pt—Ru/C electrodgsis the solu-

tion resistanceR; is the interfacial resistance between the o

catalyst and the Au ring in parallel with a constant phase el-

ement (CPE) andR; is the charge-transfer resistance due to (@) Z(©)
methanol oxidation kinetics in parallel with a constant phase 425

element (CPE). The fitting parameters using this equivalent —0— 5%MeOH

circuit are shown inTable 5 The solution resistanceR{ i ﬁm

increases in small amounts with increase in methanol con- -8 50% MeCH

centration both for the standard Pt-Ru/C catalyst (E-TEK -100
40) and for the in-house prepared MEC-01 Pt—Ru/C catalyst,
but the extent of the increase is small. Even though the solu-
tion resistance is a bulk property of the electrolyte solution
and independent of the interfacial properties of the electrode,&
it is reasonable to expect a small increase as the concenz,:I L
tration of methanol is increased. The interfacial resistance
between the catalyst and the Au ririgg ] also shows a small -50
increase for both catalysts. The increase in methanol adsorp
tion on the catalyst with concentration will probably increase
the interfacial resistance to a small extent. The impedance
spectra for the E-TEK 40 catalyst shownHig. 11(a) dis-
play a semicircle in the low-frequency region. The magni-
tude of this semicircle decreases as the methanol concen
tration is increased from 5 to 35%, while the corresponding 0
change-transfer resistand&] decreases and then slightly
increases for 50% methanol. It is well known that the mag- (o) zZ®)

nitude of the semicircle is related to the resistance due to theFig' 11. Nyquist diagrams at of 0.4V and of 4D, (a) E-TEK 40 catalyst,
methanol electro-oxidation kinetif85,66] The extentofthe  (yyin.nouse prepared MEC-01 Pt—Ru/C catalyst.

decrease in resistance indicates the increasing driving force

for the methanol oxidation process. The datdrig. 11(a)

andTable 5clearly indicate that the E-TEK 40 catalyst has a

lower resistance at 35% methanol and a higher resistance at

50% methanol. The impedance results for the E-TEK 40 elec-

75

-25

125

trode at 0.4 V are in agreement with the polarization curve at Rs R1 R2
0.4V, which suggests that the mass activity increases up to N\ - N\N"N—1—0- "
35% methanol concentration and then decreases. Studies o CPEI CPE2
the MEC-01 Pt—Ru/C catalyst show that the resistance values >> S >

decrease with increasing methanol concentratiog. (L1(b)
andTable § and all the values are well below those of E- Fig. 12. Equivalent circuit for evaluation of impedance spectra measured
TEK 40. The specific resistance of E-TEK 40 and MEC-01 during electro-oxidation of methanol on Pt—Ru/C catalysts.
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140 = m
120 —
100 = —=—E-TEK 40
- —e—MEC-01
T 80 —
=)
é -
40 - a
1 »
20 - TN,
—_— . .
1 I ] I 1 I ] I 1 I |
0 10 20 30 40 50

Methanol concentration (%)

Fig. 13. Relationship between specific resistarigg énd methanol con-
centration of E-TEK 40 and MEC-01 Pt—Ru/C catalysts.

catalysts is plotted against various methanol concentration
in Fig. 13 For all methanol concentrations, the commercial
E-TEK 40 catalyst exhibits higher specific resistance. Half-
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