Nanostructured PtRu alloys as electrocatalyst for direct
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Carbon supported PtRu alloys (atomic ration 1:1) as nano-electrocatalysts were prepared by
chemical impregnation reduction method by using H2PtCle and RuCls as metal precursors
and NaBH4 as reducing agent at room temperature. The prepared nanoparticles were
characterized by X-Ray Diffraction (XRD), Energy-Dispersive X-Ray Analysis (EDAX) and
Field Emission Scanning Electron Microscope (FESEM). The results showed that the PtRu
nanoparticles are present in Face-Centered Cubic structure (fcc) with high degree of
alloying. The nanoparticles were highly dispersed on the carbon support. The
electrochemical performance of the prepared nanocatalysts towards methanol electro-
oxidation was evaluated using electrochemical half cell measurements. The results showed
that, the prepared nanocatalysts exhibited higher electrocatalytic activity in terms of onset
potential and current density in comparison with the commercial PtRu/C catalysts (E-TEK).
These results suggest that the prepared nanocatalyst have a potential as promising
electrocatalyst for methanol electro-oxidation in direct methanol fuel cells applications.
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1. Introduction

Direct Methanol Fuel cells (DMFCs) have
attracted more attention in the last decades as
power sources for portables electronic devices
(laptop, cell phone), electric vehicle and for
transportation applications due to the
simplicity of the system, high electronic
density of methanol as fuel at lower operation
temperature, and ease of handling of
methanol liquid fuel [1-3]. The
commercialization of DMFCs is hindered by
some challenges such as the poor kinetics of
methanol oxidation at the anode catalysts and
methanol crossover from anode side to
cathode side through the proton exchange
membranes [4-0].

Alexandria Engineering Journal, VVol. 48 (2009), No. 4, 491-500
© Faculty of Engineering, Alexandria University, Egypt.

Pt is well known as active electrocatalyst
for methanol oxidation but poisoning of its
surface by CO, formed as intermediate in the
dehydrogenation of methanol, inhibiting the
oxidation reaction. In this regard, many
research work was devoted to enhance the
catalytic activity of Pt catalyst through the
alloying of Pt with other elements such as Ru,
Sn and Mo [7-11]. The role of the second metal
is discussed by bifunctional mechanism
according to which the CO formed on Pt
surface can be oxidized into CO; by action of
surface oxygenated groups formed on the
second metals. The second metal may also
modify the electronic structure of Pt, which
leads to weakening of Pt—-CO bond and
therefore enhancing the catalytic activity of
the Pt alloys [12 -14].
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Carbon supported PtRu alloy
nanoparticles with nominal atomic ratio
(Pt:Ru, 1:1) are still considered to be the best
anode catalyst for methanol electrooxidation
due to their tolerance toward CO, and they are
widely used in DMFCs [15, 16].

Many methods have been developed to
prepare supported PtRu nanoparticles [17-19],
among these methods is the impregnation
reduction method in which the metal
precursors impregnated with the support in a
solvent followed by reduction with reducing
agent. This method has been advantageous
that it is a simple method, low cost, suitable
for large-scale production and highly
dispersed PtRu nanoparticles could be
obtained [19].

Recently many groups of research reported
on the preparation of PtRu/C by impregnation
reduction method using NaBH4 as reducing
agent. It was found that the addition of some
stabilizers such as Citric Acid (CA) [20],
TetrOctylAmmonium Bromide (TOAB) can
produce well-dispersed PtRu nanoparticles [6,
21].

In this work, 60 wt. % PtRu nanoparticles
(atomic ratio 1:1) supported on carbon black
were prepared from HyPtCls and RuCls as
metal precursors and NaBHs as reducing
agent at room temperature without using of a
stabilizer agent. The PtRu/C nanocatalysts
were characterized using X-ray diffraction
(XRD), and Field Emission Scanning Electron
Microscopy (FESEM). The morphology of the
catalysts layers fabricated from the prepared
catalysts was investigated by Scanning
Electron Microscopy (SEM). The
electrocatalytic activity of carbon-supported
PtRu nanoparticles for the electrochemical
methanol oxidation reaction was investigated
using Cyclic Voltammetry (CV) measurements
and compared with that of commercial 60 wt.
% PtRu/C (E-TEK) (atomic ratio 1:1)

2. Experimental work

2.1. Methods

2.1.1. Preparation of carbon supported PtRu
nanocatalyst

An amount of carbon black powder (Grade
n-234, lodine number (ID) 136 *6 g/100g,

Dibutyl Phthalate (DBP) = 142 +6 g/100g) was
obtained from Carbon Black Alexandria
Company, Alexandria, Egypt, and was
dispersed in 20 ml of distilled water and
ultrasonicated for 30 min. An appropriate
amount of HPtCls (ACROS) and RuCls
(Aldrich) to give 60 wt. % PtRu on the carbon
support (with nominal atomic ratio of Pt:Ru,
1:1) dissolved in distilled water was added to
the carbon black suspension. The solution
mixture was kept under stirring for 30 min
and then ultrasonicated for 30 min.
Subsequently, the solution was reduced by
addition of 50 ml of NaBH4 solution (0.5, 1
and 2M). The reaction mixture was kept under
stirring for two different reaction times of 2
and 3 hrs at room temperature to ensure the
complete reduction.

The solution was then centrifuged and the
carbon supported PtRu catalysts powder was
washed many times with distilled water to
ensure the removal of undesirable ions in the
prepared catalysts. Finally, the prepared
catalyst was dried at 100 °C overnight under
vacuum.

The reductive reactions can be
summarized by the following equations:

2PtCle> + BHy + 4H,0 —
2Pt + B(OH)-4 + 8H* + 12Cl. (1)

8Ru3++3BH,+12H,08Ru+B(OH)-4+ 24H*.  (2)

PtRu/C 60 wt. % (1:1) obtained from (E-TEK)
was used to compare the prepared PtRu/C
nanocatalysts in terms of electrochemical
characteristics and structure.

2.2. Characteristics of PtRu/C nanocatalysts

2.2.1. Physical characteristics

2.2.1.1. X-Ray Diffraction (XRD) X-ray
diffraction patterns of the nanocatalysts were
obtained using (Schimadzu 7000, Japan)
diffractometer, operating with Cu Ka radiation
(A=0.154060 nm) generated at 30 kV and 30
mA with scanning rate of 2° min-! for 20
values between 20 and 80 degrees.

2.2.1.2. Energy Dispersive Analysis of X-ray
(EDAX) Chemical composition analysis of the
prepared PtRu nanocatalysts and the
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commercial catalyst by EDAX was performed
with an EDAX analyzer combined with
scanning electron microscope (JEOL JSM
6360LA, Japan).

2.2.1.3. Field Emission Scanning Electron
Microscopy (FESEM) The nanomorphology of
PtRu/C catalysts was investigated using
FESEM (JEOL 7600, Japan). The samples for
analysis were prepared by dispersion of
PtRu/C powder in ethanol with ultrasonic
bath for 30 minutes. Then a Carbon rod (5
mm in diameter) is polished and its surface
tension is released using Hydrophilic
Treatment device (JEOL HDI 400) for 2
minutes. The suspended solution is spread on
the Carbon surface and a thin layer of Pt is
DC sputtered for 2 minutes with a current of
20 pA to increase the surface conductivity.

2.2.1.4. Morphological Characterization (SEM)
The surface of the catalysts layers electrode
was scanned with scanning electron
microscope (JEOL JSM 6360LA, Japan) to
investigate the homogeneity  of  the
electrocatalyst onto the carbon paper and
identify the structure of the electrode surface
after the electrochemical characterization.
Also the surface of the carbon paper was
examined

2.2.2. Electrochemical characterization

2.2.2.1. Preparation of the working electrode
For preparation of the working electrode, the
catalyst powder was dispersed in 2-propanol
(Aldrich) and 5 % Nafion solution (Aldrich).
The dispersion was then ultrasonicated for 15
min to form the catalyst ink, which was coated
onto the carbon paper (E-TEK) and then was
dried for 1h at 80 °C. The metal loading in the
working electrode (cell area 2 cm? was
controlled to be 2 mg of PtRu/cm? for all
samples.

2.2.2.2. Electrochemical half-cell measurements
The electrochemical set-up consists of a
Voltalab PGP 201 potentiostat controlled by
computer and conventional three-electrode
cell in which the Saturated Calomel Electrode
(SCE) and platinum gauze were used as
reference and counter electrodes, respectively.
A Pt electrode (2x2cm?) was used as counter

electrode. Carbon paper containing the
catalysts layer was used as the working
electrode. The CV's were recorded in the range
0-1 V versus (SCE) at a scan rate of 10 mVs-1.
All potentials in this work are given in the
Reversible Hydrogen Electrode (RHE) scale. A
200 ml electrolyte solution was used and the
distance between counter electrode and
working electrode was S5 cm. The cyclic
voltammetry measurements were performed
with 1M methanol (Fluka) inlM H,SO4
(Aldrich). All the solutions were prepared from
high purity sulfuric acid, methanol and
distilled water and deareated by passing of Nz
gas for 30 minute prior to any measurement.
The measurements were carried out at room
temperature using unstirred solution and the
cyclic voltammograms were recorded after 20
activation cycles.

3. Results and discussions
3.1. XRD analysis

Fig. 1 and fig. 2 show the XRD patterns for
the prepared PtRu/C nanocatalyst at different
concentration of reducing agent, NaBHs; and
the prepared PtRu/C prepared at two different
times in comparison with commercial PtRu/C
(E-TEK) catalyst, respectively. The XRD
patterns of all prepared catalysts exhibited
diffraction peaks of (111), (200) and (220); the
peaks characteristic of face centered cubic
(fcc) structure of pure Pt crystalline (JCPDS-
ICDD, Card No. 04-802).

From fig. 1, it is observed that the
diffraction peaks for the prepared catalysts are
shifted to slightly higher 26 values than the
corresponding of pure Pt as the NaBHa
concentration increases from 0.5 to 1 then to
2 M. The increase of NaBH4 concentration
may be enhancing the reduction of Ru ions
into ruthenium metals which can be
incorporated into the lattice structure of Pt
[21]. The replacement of some Pt atoms in the
Pt fcc crystal structure by the smaller Ru
atoms (rfRu = 0.133 nm and rPt = 0.138 nm) is
combined with decrease in the lattice constant
and can be taken as an indication for the
formation of PtRu alloy in the catalyst [22-24].
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Fig.1. XRD Patterns of PtRu/C Prepared with Different

Concentrations of NaBHa4 (a) 0.5,(b) 1, and (c) 2 M. (
Reaction Time: 2 hrs).
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Fig. 2. XRD patterns of PtRu/C Catalysts Prepared at
(a) 2hrs, (b) 3h with 2M NaBH4 and PtRu/C (E-TEK).

In fig. 2 also the increase of the reaction
time from 2hrs to 3 hrs is combined with
slightly shift to higher 206 values. Also, the
(111) peak intensity increase with increasing
the reaction time from 2hrs (fig. 2-a) to 3hrs
(fig. 2-b).

The XRD patterns of the prepared catalyst
don't display any peaks characteristic for
hexagonal closed packed structure of Ru. This
results agree with that reported by other
groups and this is attributed either to Pt
particles decorated by Ru particles [24] or Ru
may be present in its hydrous oxide form
[25, 26].

The average particle size for the prepared
PtRu/C nanocatalysts was calculated from the
broadening of (220) peak wusing Debye-
Scherrer equation [287, 28]:

4o 0914 @)
Bygcos6,,,,

Where A is the wavelength of the X-ray (1.5406

A°), O is the angle at the maximum of the peak

and Bze is the width of the peak at half

maxima.

It is observed for the PtRu/C (E-TEK) that
the XRD pattern doesn’t exhibit well-defined
peaks. This could be attributed to the
presence of an amount of oxygen in the
commercial E-TEK catalysts, which can distort
the crystalline structure [24, 29]. So, it was
difficult to determine the particle size of the
commercial (E-TEK) catalyst.

The structural parameter that indicates
the alloy formation in PtRu catalysts is the
lattice parameter (aswc). It was calculated from
the angular position of the (220) reflection
peak maxima by the following egs. [30, 31]:

V22,

. 4
sin O, 4% )

Qfcc =

Where as.c is the lattice parameter (nm), Aka1 is
the wavelength of X-rays used (0.15406 nm)
and Onax is the Bragg angle at the peak
maximum.

From the value of lattice parameter, we
calculated Ru atomic fraction in PtRu alloy by
using the following equation proposed by
Antolini et al. [20, 32]:

Afcc =loc _k)(Ru' (5)

Where ,=3.9155 A°is the lattice parameter of
pure carbon supported platinum and k =
0.124 A°is a constant.

All structural parameters for the prepared
catalysts are shown in table 1.

It is clear from table 1 that the lattice
parameters of the prepared catalysts decrease
by increasing the concentration of the
reducing agent and reaction time which
enhance the incorporation of Ru atoms into
the lattice structure of Pt and therefore the
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decrease in the lattice parameter is attributed
to the formation of PtRu alloys in the prepared
catalysts.

The lattice parameter reported in this work
is smaller than that reported by Yang et al.
[19] for the catalysts prepared by the thermal
decomposition and for the catalysts prepared
by Gonzalez et al. [23] prepared by formic acid
method. Also, it is worth to mention that in
our work the Ru atomic fraction for PtRu/C
prepared at higher concentration of the
reducing agent (2M) and reaction time of 3hrs,
was calculated to be 0.5 implying that with
prolonged reaction time, all Ru are alloyed
with Pt and fully alloy of PtRu can be
obtained. These results contrast with the
result reported by Antonili et al. [32] who
stated that it is difficult to obtain PtRu alloy
with nominal atomic ratio of 1:1 even at heat
treatment up to 700 °C, and with study of
Yang et al. [19] in which the fully alloyed PtRu
can be obtained only at heat treatment of 500
°C.

3.2. EDAX analysis

The chemical compositions for the
prepared PtRu/C nanocatalysts and PtRu/C
(E-TEK) were determined by EDAX analysis.
The results showed that the atomic
composition of the prepared catalysts were
close to the nominal composition (Pt: Ru,
50:50), while the commercial catalysts showed
a deviation from the nominal composition
(Pt:Ru, 41.61:58.39). These results showed the
high homogeneity of the prepared catalysts.
Also EDAX analysis doesn’t include any traces
of Na, Cl and B ions, which indicates that
these ions were successfully removed during
the washing process in the preparation step
and the prepared catalyst doesn’t
contaminated with these undesirable ions.

3.3. FESEM analysis

Fig. 3 shows the FESEM images of the
PtRu/C  prepared with two  different
concentrations of NaBH4 at reaction time of 2
hrs. It is observed that, the PtRu/C prepared
at low concentration of NaBH; fig. 3-a showed
some aggregation of nanoparticles. On the
other hand in the PtRu/C nanocatalysts

prepared at higher concentration of NaBH4 fig.
3-b, the image showed highly dispersed PtRu
nanoparticles (bright particles) with particle
size of 4-6 nm were deposited onto the surface
of semispherical carbon support and the
nanoparticles are in good contact with the
support without any aggregations.

3.4. Morphological characterization

Fig. 4 shows the scanning electron
micrographs of the initial carbon paper fig. 4-a
and the PtRu/C catalyst layers fig. 4-b before
methanol oxidation.

The carbon paper substrate fig. 4-a shows
tubular rods interconnected with filling
materials of smaller grain size. Fig. 4-b shows
the catalyst layer of PtRu/C, which covers
completely the carbon paper resulting in a
homogeneous layer with porous structure.
This morphological properties is favoring the
adsorption of the reactants onto the catalyst
layer surface

Fig. 4-c shows the SEM micrograph of
PtRu/C catalysts layer after methanol
oxidation. The micrograph shows that the
catalysts layer still keep its porous structure
which indicates that the electrodes fabricated
from these catalysts layer are stable under
these conditions.

3.5. Electrochemical half-cell measurements

In this section the electrochemical
characterization was carried out only for the
PtRu/C catalysts prepared at 2 M of NaBH4
with reaction times of 2 and 3 hrs in
comparison with the commercial catalysts
PtRu/C (E-TEK). The prepared catalysts are
donated as PtRu/C (2hrs) and PtRu/C (3 hrs),
respectively.

The cyclic voltammograms for the
prepared catalysts PtRu/C (2 hrs) and PtRu/C
(3 hrs) in 1M CH30H/1M H,SO4 is shown in
fig. 5. fig. 6 shows the cyclic voltammograms
for PtRu/C (3 hrs) and E- TEK catalysts. The
electrocatalytic activities of the catalysts are
evaluated in terms of onset potential and
current density for methanol electro-oxidation
[33, 34]. The results are tabulated in table 2.
The PtRu/C (3 hrs) catalysts exhibited higher
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Table 1

The structural parameters of PtRu/C obtained from XRD analysis
NaBHa4 Reaction Particle (220) peak lattice Xru
(M) time size 26 parameters

(hrs) (nm) Gsec (Nm)

0.5 2 8.8 67.04 0.349 0
1 2 4.5 68.26 0.3880 0.28
2 2 4.3 68.34 0.3879 0.29
2 3 6.3 68.88 0.3852 0.50

SEl  150kV X300000 10am S 150kV X300,000 10nm
(a) (b)

Fig. 3. FESEM images of PtRu/C nanocatalyst prepared at 1M of NaBH4 (a) 2 M of NaBHa4
(b) with reaction time of 2hrs.

Fig. 4. SEM Micrographs of a- Initial carbon paper, coated catalysts Layer before methanol oxidation
b- and after methanol oxidation c.
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current density for methanol oxidation (32.4
mA/cm? at 550 mV) than those for PtRu/C (2
hrs) (17 mA/cm? at 550 mV) and for the
commercial catalysts (17 mA/cm? at 550 mV),
which indicates the highest catalytic activity of
PtRu/C (3 hrs) catalysts. Also, the onset
potential for the methanol oxidation on the
prepared PtRu/C (3 hrs) catalysts shifted to
lower potential than that of PtRu/C (2 hrs)
and of the commercial (E-TEK) catalysts,
which indicates that PtRu/C (3 hrs) was able
to reduce the overpotential caused by CO
poisoning.

The results showed that the PtRu/C (3
hrs) catalysts with high degree of alloying have
higher electrocatalytic activity among all
catalysts under investigation.

Table 2

It can be concluded that this enhancement
in the electrocatalytic activity and CO-
tolerance for the prepared catalyst could be
attributed to its good structural properties
which makes the dissociation of water on Ru
faster at low potentials and, thereby, the
surface oxygenated groups (Ru-OH) oxidize
the CO species that are adsorbed on
neighboring Pt sites in accordance with the
bifunctional mechanism [35]. Also, time of
reaction was limited to 3 hrs because it is
already all metal ions (Pt and Ru) have been
reduced to their metal states. These features
make the prepared nanocatalysts have a
potential use as electrocatalyst for methanol
electro-oxidation in direct methanol fuel cells.

The electrocatalytic activity of the PtRu/C catalysts and E-TEK catalyst

Catalysts Onset potential (mV) Current density (mA/cm?2)
vs. (RHE) At 550 mV

PtRu/C (2 hrs) 75 17
PtRu/C (3hrs) 60 32.4
PtRu/C (E-TEK) 65 17

40

-~ PtRU/C (2h)
—— PtRu/C (3h)

30
g 20 +
<
1S
2 10+
(2]
c
o)
[a]
£ 01
2
3

210 -

-20 4

T T
-0.4 -0.2 0.0 0.2

T
0.4 0.6 0.8

Potential vs. (RHE)

Fig. 5. Cyclic Voltammograms of PtRu/C (2 hrs) and PtRu/C (3 hrs) Catalysts in 1 M CHzOH/1 M H2SOa4..
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- E-TEK
—— PtRU/C (3h)

30 4

20 4

10 4

Current Density mA/cm®

-10 4

-20 4

-0.4 -0.2 0.0 0.2
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0.4

0.6 0.8

Fig. 6. Cyclic Voltammograms for the prepared PtRu/C (3 hrs) Catalysts and Commercial PtRu/C (E-TEK) in 1 M
CH3OH/1 M H2SOs4..

4. Conclusions

PtRu/C nanocatalyst was prepared by
impregnation reduction method using NaBH4
at room temperature. XRD analysis showed
that the PtRu nanocatalyst has fcc structure
of Pt and fully alloyed PtRu nanoparticles can
be obtained with high concentration of the
reducing agent and at prolonged reaction
time.

The prepared mnanocatalyst with high
degree of alloying exhibited higher
electrocatalytic activity in terms of onset
potential and current density for methanol
electro-oxidation in comparison with the
commercial catalysts (E-TEK), which makes
this preparation method have a potential use
in preparation of highly catalytic
electrocatalysts for DMFC. The single cell
measurements are under investigation.

Acknowledgement

The authors express their appreciation
and grateful acknowledgement to Dr. K. M. El-
Khatib, Associate professor at National
Research Center for his help by E-TEK
catalysts and carbon paper (E-TEK).

References

[1] H. Hammnett, "Mechanism and
Electrocatalysis in the Direct Metyhanol

(2]

3]

[4]

5]

(6]

[7]

Fuel Cell", J.Catal. Today, Vol. 38, pp.
445-457(1997).

L. Carrettel, K.A. Friedrich and U.

Stimming, "Fuel Cells-Fundamentals
and Applications", Fuel Cells, Vol. 5 (1)
(2001).

E. Antolini, "Formation of Carbon-
Supported PtM  Alloys for Low
Temperature Fuel Cells: a Review",

Mater. Chem. Phys., Vol. 78, pp. 563-
573 (2003).

H. Yang, T.S. Zhao and Q. Ye, "Addition
of Non-Reacting Gases to the Anode Flow
Field of DMFCs Leading to Improved
Performance", Electrochem. Commun.
Vol. 6, pp. 1098-1103 (2004).

J.G. Liu, T.S. Zhao, R. Chen and C.W.
Wong, "The Effect of Methanol
Concentration on the Performance of a
Passive DMFC", Electrochem. Commun.,
Vol. 7, pp. 288-294 (2005).

J. Prabhuram, T.S. Zhao, Z.K. Tang, R.
Chen and Z.X. Liang, "Multiwalled
Carbon Nanotube Supported PtRu for
the Anode of Direct Methanol Fuel Cells",
J. Phys. Chem. Vol. 110, pp. 5245-5252
(20006).

S.C. Kelley, G.A. Deluga and W.H. Smyrl,
"A  Miniature Methanol/Air Polymer
Electrolyte Fuel Cell", Electrochem.
Solid-State Lett., Vol. 3, pp. 407-409
(2000).

498 Alexandria Engineering Journal, Vol. 48, No. 4, July 2009



A. Kashyout et al. / Nanostructured PtRu alloys as electrocatalyst for direct methanol fuel cells applications

(8]

9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

H.A. Gasteiger, N. Markovic, P.N. Ross
and E.J. Cairns, "Methanol
Electrooxidation on Well-Characterized
Platinum-Ruthenium Bulk Alloys" J.
Phys. Chem., Vol. 97, pp. 12020-12029
(1993).

A. Oliveira-Neto, J. Perez, W.T. Napporn,
E.A. Ticianelli and E.R. Gonzalez,
Electrocatalytic Oxidation of Methanol:
Study with Pt:Mo Dispersed Catalysts" J.
Brazil. Chem. Soc. Vol. 11, pp. 39- 43
(2000).

M. Gotz and H. Wendt, "Binary and
Ternary Anode Catalyst Formulations
Including the Elements W, Sn and Mo
for PEMFCs Operated on Methanol or
Reformate Gas", Eleotrochim. Acta, Vol.
43, pp. 3637-3644 (1998).

A.S. Arico, Z. Poltarzewski, H. Kim, A.
Morana, N. Giordano and V. Antonucci,
"Investigation of a Carbon-Supported
Quaternary Pt---Ru---Sn---W Catalyst for
Direct Methanol Fuel Cells", J. Power
Sources, Vo. 55, pp. 159-166 (1995).

T. Toda, H. Igarashi, H. Uchida and M.
Watanabe. "Enhancment of the
Electroreduction of Oxygen on Pt Alloys
with Fe, Ni. and Co", J. Electrochem.
Soc. Vol. 146, pp. 3750- 3756 (1999).
K.W. Park, J.H. Choi, B.K. Kwon, S.A.
Lee, Y.E. Sung, H.Y. Ha, S.A. Hong and
H. Kim A. Wieckowski. "Chemical and
Electronic Effects of Ni in Pt/Ni and
Pt/Ru/Ni Alloy Nanoparticles in
Methanol Electrooxidation", J. Phys.
Chem. Vol. 106, pp. 1869-1877(2002).
K.W. Park, J.H. Choi and Y.E. Sung,
"Structural Chemical and Electronic
Properties of Pt/Ni Thin Film Electrodes
for Methanol Electrooxidation", J. Phys.
Chem. Vol. 107, pp. 5851-5856 (2003).
A. Pozio, L. Giorgi and E. Antolini,
"Electroxidation of Hy on Pt/C Pt-Ru/C
and Pt-Mo/C Anodes for Polymer
Electrolyte Fuel Cell", Electrochim. Acta,
Vo. 46, pp. 555-561 (2000).

Z.B. Wang, G.P. Yin and P.F. Shi, "New
Pt-Ru Solid Compounds as Precursors of
Anodic Catalysts for Direct Methanol
Fuel Cell", J. Alloys Compd, Vol. 420, pp.
126-132 (2006).

Alexandria Engineering Journal, Vol. 48, No. 4, July 2009

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Z. Liu, J.Y. Lee, M. Han, W. Chenc and
L.M. Gana, "Synthesis and
Characterization of PtRu/C Catalysts
from Microemulsions and Emulsions", J.
Mater. Chem., Vol. 12, pp. 2453-2458
(2002).

H. Liu, C. Songa, L. Zhang, J. Zhang, H.
Wang and D.P. Wilkinson, "A Review of
Anode Catalysis in the Direct Methanol
Fuel Cell", J. Power Sources, Vol. 110,
pp- 95-110 (2006).

B. Yang, Q. Lu, Y. Wang, L. Zhuang, J.
Lu, P. Liu, J. Wang and R. Wang,

"Simple and Low-Cost Preparation
Method for Highly Dispersed PtRu/C
Catalysts", Chem. Mater., 3552, 15
(2003).

J.W. Guo, T.S. Zhao,J. Prabhuram, R.
Chen and C.W. Wong, " Preparation and
Characterization of a PtRu/C
Nanocatalyst for Direct Methanol Fuel
Cells", Electrochim. Acta, Vol. 51, pp.
754 -763 (20053).

J. Prabhuram, T.S. Zhao, Z.X. Liang and
R. Chen, "A Simple Method for the
Synthesis of PtRu Nanoparticles on the
Multi-Walled Carbon Nanotube for the
Anode of a DMFC", Electrochim. Acta,
Vol. 52, pp. 2649-2656 (2007).

A.S. Arico, P. Creti, H. Kim, R.
Mantegna, N. Giordano and V.
Antonucci, "Analysis of the
Electrochemical Characteristics of a

Direct Methanol Fuel Cell Based on a Pt-
Ru/C Anode Catalyst", J. Electrochem.
Soc., Vol. 143, pp. 3950-3959 (1996).
W.H. Lizcano-Valbuena, V.A. Paganin
and E.R. Gonzalez, "Methanol Electro-
Oxidation on gas Diffusion Electrodes
Prepared with Pt---Ru/C Catalysts"
Electrochim. Acta, Vol. 47, pp. 3715-
3722 (2002).

L. Dubau, C. Countanceau, E. Garnier,
J.M. Leger and C. Lamy,
"Electrooxidation of  Methanol at
Platinum-Ruthenium Catalysts Prepared
from  Colloidal Precursors: Atomic
Composition and Temperature Effects",
J. Appl. Electrochem., Vol. 33, pp. 419-
429 (2003).

Z. Jusys, T. Schmidt, L. Dubau, K.
Lasch, L. J"oeissen, J. Garche and R.

499


http://pubs.acs.org/doi/abs/10.1021/jp013168v?prevSearch=K.%2BW.%2BPark%252C%2BJ.%2BH.%2BChoi%252C%2BB.%2BK.%2BKwon%252C%2BG.%2BA.%2BLee%252C%2BY.%2BE.%2BSung%252C%2BH.%2BY.%2BHa%252C%2BS.%2BA.%2BHong%252C%2BH.%2BKim%2BA.%2BWieckowski.%2BJ.%2BPhys.%2BChem.%2BB%2B1869-1877%252C%2B106%2B%25282002%2529.&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp013168v?prevSearch=K.%2BW.%2BPark%252C%2BJ.%2BH.%2BChoi%252C%2BB.%2BK.%2BKwon%252C%2BG.%2BA.%2BLee%252C%2BY.%2BE.%2BSung%252C%2BH.%2BY.%2BHa%252C%2BS.%2BA.%2BHong%252C%2BH.%2BKim%2BA.%2BWieckowski.%2BJ.%2BPhys.%2BChem.%2BB%2B1869-1877%252C%2B106%2B%25282002%2529.&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp013168v?prevSearch=K.%2BW.%2BPark%252C%2BJ.%2BH.%2BChoi%252C%2BB.%2BK.%2BKwon%252C%2BG.%2BA.%2BLee%252C%2BY.%2BE.%2BSung%252C%2BH.%2BY.%2BHa%252C%2BS.%2BA.%2BHong%252C%2BH.%2BKim%2BA.%2BWieckowski.%2BJ.%2BPhys.%2BChem.%2BB%2B1869-1877%252C%2B106%2B%25282002%2529.&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp013168v?prevSearch=K.%2BW.%2BPark%252C%2BJ.%2BH.%2BChoi%252C%2BB.%2BK.%2BKwon%252C%2BG.%2BA.%2BLee%252C%2BY.%2BE.%2BSung%252C%2BH.%2BY.%2BHa%252C%2BS.%2BA.%2BHong%252C%2BH.%2BKim%2BA.%2BWieckowski.%2BJ.%2BPhys.%2BChem.%2BB%2B1869-1877%252C%2B106%2B%25282002%2529.&searchHistoryKey=

A. Kashyout et al. / Nanostructured PtRu alloys as electrocatalyst for direct methanol fuel cells applications

[26]

[27]

(28]

[29]

(30]

[31]

500

Behm, "Activity of PtRuMeOx (Me = W,
Mo or V) Catalysts Towards Methanol
Oxidation and Their Characterization", J.
Power Sources, Vol. 105, pp. 297- 304,
105 (2002).

D. Rolison, P. Hagans, K. Swider and J.
Long, "Role of Hydrous Ruthenium Oxide
in Pt-Ru Direct Methanol Fuel Cell
Anode Electrocatalysts: The Importance
of Mixed Electron/Proton Conductivity",
Langmuir, Vol. 15, pp. 774-779 (1999).
S.L. Gojkovic, T.R. Vidakovic and D.R.
Durovic, "Kinetic Study of Methanol
Oxidation on Carbon-Supported PtRu
Electrocatalyst", Electrochim. Acta, Vol.
48, pp. 3607-3614 (2003).

Z.B. Wang, G.P. Yin and Y.G. Lin,
"Synthesis and Characterization of
PtRuMo/C Nanoparticle Electrocatalyst
for Direct Ethanol Fuel Cell", J. Power
Sources, Vol. 170, pp. 242-250 (2007).
G.A. Camara, M.J. Giz, E.A. Ticianelli,
E.R. Gonzalez, Proceedings of the 19 th
Meeting of Electrochemical Society,
Phoenix, AZ, Abs. 201 (2000).

R.G. Allen, Chan Lim, L.X. Yang, K.
Scott, S. Roy, "Novel anode structure for
the direct methanol fuel cell", J. Power
Sources, Vol. pp. 142-149 (2005).

T. Vidakovi'c, M. Christov, K.
Sundmacher, K.S. Nagabhushana, W.

(32]

[33]

[34]

[35]

Fei, S. Kinge and H. B"onnemann, "PtRu
Colloidal Catalysts: Characterisation and
Determination of Kinetics for Methanol
Oxidation", Electrochim. Acta, Vol. 52,
pp. 2277-2284 (2007).

E. Antolinia, F. Cardellini, "Formation of
Carbon Supported PtRu Alloys: an XRD
Analysis", J. Alloys Compd, Vol. 315,
pp. 118-122, 315 (2001).

Xinzhong Xue, Tianhong Lu, C. Liu W.
Xu, Y. Su and Y. Lv, W. Xing, "Novel
Preparation Method of Pt-Ru/C Catalyst
Using Imidazolium Ionic Liquid as
Solvent", Electrochim. Acta, Vol. 50, pp.
3470-3478 (2005).

C. Roth, N. Martz, F. Hahn, J.M. Leger,
C. Lamy and H. Fuess, "Characterization
of Differently Synthesized Pt-Ru Fuel
Cell Catalysis by Cyclic Voltametery,
FTIR Spectroscopy, and Single Cells", J.
Electrochem. Soc., E433, 149 (2002).
L.S. Sarma, T.D. Lin, Y.W. Tsai, J.M.
Chen and B.J. Hwang, "Carbon-
Supported Pt-Ru Catalysts Prepared by
the Nafion Stabilized Alcohol-Reduction
Method for Application in Direct
Methanol Fuel Cells", J. Power Sources,
Vol. 139, pp. 44-54 (2005).

Received April 12, 2009
Accepted May 26, 2009

Alexandria Engineering Journal, VVol. 48, No. 4, July 2009



