Journal of Power Sources 193 (2009) 17-23

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Effect of Pd loading in Pd-Pt bimetallic catalysts doped into hollow core
mesoporous shell carbon on performance of proton exchange membrane

fuel cells

Berker Ficicilar?, Ayse Bayrakceken®, Inci Eroglu®*

3 Department of Chemical Engineering, Middle East Technical University, Ankara 06531, Turkey

b Department of Chemical Engineering, Atatiirk University, Erzurum 25240, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 3 November 2008
Received in revised form

28 December 2008

Accepted 24 January 2009
Available online 10 February 2009

A significantly active Pd-Pt/carbon electrocatalyst for polymer electrolyte membrane fuel cells was syn-
thesized by microwave irradiation using a hollow core mesoporous shell (HCMS) carbon as catalyst
support that was prepared by template replication of core/shell spherical silica particles and two dif-
ferent carbon precursors. Pt/Pd percent weight ratios on carbon support were varied as 20/0, 15/5, 10/10,
5/15 to 0/20. As the average pore diameter of the carbon support was increased from 3.02 nm to 3.90 nm

by changing the type of the carbon precursor, fuel cell performances of the HCMS carbon based Pd-Pt
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bimetallic catalysts were improved significantly.
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1. Introduction

Over the last decade, comprehensive research on the develop-
ment of proton exchange membrane fuel cells (PEMFCs) resulted
in significant increase in the catalytic performance of mem-
brane electrode assemblies (MEAs). Considering efficiency and cost
requirements [1], one major challenge is arising from the electro-
catalytic layers of the PEMFCs. For hydrogen oxidation and oxygen
reduction reactions in these electrocatalytic layers, dispersion of
active metal catalysts as nanoparticles over electronically con-
ductive carbon support is necessary to provide effective catalyst
utilization. Catalytic activity of the fuel cell electrocatalysts depends
on several parameters such as metal particle shape and size as well
as particle size distribution, catalyst preparation technique, struc-
ture of the catalyst support, precursor properties, and accessibility
of the active metal on the carbon support [2].

Platinum on carbon (Pt/C) is one of the most effectively utilized
electrocatalyst for PEMFC applications [3-5]. Microstructure of the
catalyst support affects the PEMFC performance. At relatively high
current densities, water management issue becomes critical and
multiphase transport of reactants and products dominate the per-
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formance of the fuel cell [6,7]. Carbon supported Pt nanoparticles
exhibit improved fuel cell performance in comparison to unsup-
ported platinum catalysts [8].

Carbon is chemically stable in acidic and basic media and active
metal is dispersed over a high surface area carbon support. Elec-
tronically conductive properties of carbon facilitate the interaction
at the electrode-electrolyte-reactant interface (three phase bound-
ary) resulting in an increased fuel cell performance [9].

The most commonly used carbon support is Vulcan XC72 which
has random pores with varying sizes that may lead to an inefficient
multiphase transfer of reactants and products. Many alternative
carbon materials have been synthesized [10-12]. For the prop-
erly passage of reactants and products with increased electrodics,
bimodal (meso/macro) and adjustable pore structure of hollow core
mesoporous shell (hereinafter, referred to as HCMS) carbon can
facilitate the diffusion of hydrogen and oxygen as well as the water
transport within the fuel cell [13].

For the carbon supported fuel cell catalysts, carbon-metal inter-
actions occur and additional active metal incorporation to the
supported platinum catalysts may improve the platinum-carbon
configuration [14]. Bimetallic Pt-Co/C cathode catalysts improved
the durability in PEMFCs by reducing Pt dissolution and migration
during the course of operation [15,16]. Bimetallic Pt-Ru/C catalysts
improved the carbon dioxide tolerance of PEMFCs [20]. There are
several ways to deposit metal alloys over the carbon supports. Of all
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Fig. 1. SEM (a) and TEM (b) images of solid core mesoporous shell (SCMS) silica.

the other catalyst preparation techniques, microwave irradiation is
gaining an increasing attention because of being energy and time
efficient [17-20].

Pd is another noble metal with significant electrocatalytic activ-
ity and it is widespread in the earth crust. It is less expensive and
stable in acidic solutions. In the present study, bimetallic Pd-Pt
over HCMS carbon electrocatalysts is suggested to improve oxygen
reduction reaction (ORR) and hydrogen oxidation reaction (HOR).
In this work, it is aimed to synthesize Pd-Pt bimetallic catalysts
supported with a novel HCMS carbon by microwave irradiation.
HCMS carbon spheres with periodically ordered structural proper-
ties are synthesized by two different carbon precursors with the
template replication of sub micrometer-size solid core mesoporous
shell (SCMS) silica spheres.

2. Experimental
2.1. Solid core mesoporous shell (SCMS) silica synthesis

Monodisperse colloidal silica spheres can be prepared from
tetraalkoxysilanes in alcoholic solutions. Hydrolysis and conden-
sation of the monomers are catalyzed by ammonia and alcohol
and water act as co-solvents [21,22]. Yu et al. [23] and Unger et
al. [24] outlined the synthesis of SCMS silica spheres with the
sol-gel polymerization of tetraethoxysilane (TEOS) and octade-
cyltrimethoxysilane (C18TMS).

SCMS silica is synthesized with the addition of 3.5 ml of aque-
ous ammonia (28-30%, ACROS) into a solution containing 74 ml
of ethanol (99.8%, Riedel-de Haén) and 10 ml of deionized water.
This mixture was heated up to 303K and then 6 ml of TEOS (98%,
ACROS) was added rapidly into the mixture as silica source under
vigorous stirring and the reaction mixture was kept stirred for 1h
to yield uniform silica spheres. A mixture containing 5 ml of TEOS
and 2 ml C18TMS (tech. 90%, Aldrich) was added drop wise over a
15 min period into the colloidal solution containing silica spheres
and mixture was further reacted for 1 h. The resulting material was
retrieved by centrifugation until the pH of the solution was stabi-
lized. Nanocomposite material was dried in vacuum oven at 353 K
and removal of the organic group from the octadecyltrimethoxy-
incorporated silica was achieved by calcination in a tubular furnace
at 803 K for 6 h under oxygen atmosphere.

2.2. Hollow core mesoporous shell (HCMS) carbon synthesis

SCMS silica is used as a template for further polymerization and
carbonization steps for the synthesis of HCMS carbon [23]. In order

to form acidic catalytic sites for phenolic resin polymerization reac-
tion, aluminum was incorporated into the silicate framework via
an impregnation method. For the impregnation of aluminum on
SCMS silica, 1g of SCMS silica was added to an aqueous solution
containing 0.3 g of AlCl3-6H,0 (99.0%, Fluka) in 0.35 ml of deion-
ized water. The resulting slurry was stirred for 1 h. The powder was
dried in air at 353 K. Finally, the Al-impregnated SCMS silica was
calcined at 803 K for 5 h in air to obtain the SCMS-aluminosilicate
nanocomposite material.

For phenol/resin formation as carbon precursor over the
aluminosilicate framework, 0.38g of phenol per gram of the
SCMS-aluminosilicate template was incorporated into the meso-
pores by heating at 373K for 12h under vacuum. The resulting
phenol-incorporated SCMS aluminosilicate was reacted with 0.25 g
paraformaldehyde under vacuum at 403 K for 24 h to yield phenolic
resin/HCMS-aluminosilicate nanocomposite inside the mesopores.

The phenol-resin incorporated nanocomposite material was
heated with a ramp of 1Kmin~! to 433K and held at that tem-
perature for 5h under the flowing nitrogen. The temperature was
then ramped at 5 Kmin~! to 1103 K and held at this temperature for
8 h to carbonize the phenolic resin inside the mesopores of HCMS
aluminosilicate to obtain carbon/aluminosilicate nanocomposite.
The aluminosilicate template was dissolved by using 48% HF solu-
tion resulted in hollow core mesoporous shell carbon (hereinafter,
referred to as HCMS1) obtained from the phenolic resin route.
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Fig. 2. N, adsorption/desorption isotherms and the corresponding pore size distri-
bution for SCMS silica.
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Fig. 3. SEM (a) and TEM (b) images of hollow core mesoporous shell (HCMS) carbon.

In case of using divinylbenzene (DVB) as carbon precursor, SCMS
silica was first dehydrated overnight at 473 K under vacuum. After
that a carbon precursor solution containing 2 ml DVB for 1 g SCMS
silica and AIBN (DVB/AIBN molar ratio is approximately 24) is
added to the mesopores of SCMS silica template. The mixture is
placed into a 25 ml Schlenk tube. Three freeze-pump-thaw cycles
are performed to remove the dissolved oxygen. Polymerization is
conducted at 343K for 18 h under nitrogen atmosphere in a dry-
ing oven. Resultant composite material is carbonized at 1103 K for
8 h with a ramp of 1 Kmin~! under nitrogen flow. Etching of the
silica template with 48% HF from the calcined nanocomposite mate-
rial yields the hollow core mesoporous shell carbon (hereinafter,
referred to as HCMS2).

2.3. Catalyst preparation

HCMSs prepared by different routes (HCMS1 and HCMS2) were
used as the catalyst support material. As platinum and palladium
precursors hexachloroplatinic acid (H,PtClg, ca. 40% Pt ACROS)
and palladium (II) chloride (PdCl,, 99.9% Aldrich) were used. In
the catalyst preparation, a microwave oven (Akai, 2450 MHz, and
800W) was used. The commercial Pt (20% Pt/C, ETEK®) catalyst
was selected for comparison. The prepared and commercial cata-
lysts were used as either anode or cathode electrodes. Pd ratio in the
carbon supported bimetallic Pd-Pt catalysts were varied between 0
and 20%.

Pt/HCMS catalysts were prepared by using microwave heating
of ethylene glycol solutions of the metal precursors [19]. Briefly,
0.05M aqueous solutions of Pt and Pd precursors were prepared.
A required volume of these solutions which corresponds to the
desired Pt and Pd loadings were mixed with 50 ml ethylene gly-
col (EG) in a 100 ml beaker. Then, 0.1 g HCMS carbon was added to
the solution. After ultrasonic mixing for half an hour, the mixture
was put in the center of the microwave oven and heated for 120s
by means of an 800 W microwave power. The resulting suspension
was cooled immediately, and then filtered off and the residue was
washed with acetone and deionized water. The solid product was
dried overnight at 373 K in a vacuum oven [20].

2.4. Catalyst characterization

N, adsorption analysis was performed with a surface area ana-
lyzer (Micromeritics Gemini V 2365) to determine the structural
properties of the catalysts. The crystalline structures of supported
Pd-Pt/HCMS electrocatalysts were characterized by measuring
their X-ray diffraction (XRD) patterns on a Rigaku Ultima D-Max
2200 with monochromatic Cu K« radiation. The scanning range of

20 was set between 5° and 85° with a step size of 0.02°. Additional
ex situ characterization of the catalytic materials was performed
with X-ray photoelectron spectroscopy (XPS, Specs GMBH), scan-
ning electron microscopy (SEM, Quanta FEG), and transmission
electron microscopy (TEM, JEOL 2100F) measurements.

2.5. PEMFC performance tests

The MEA preparation method is given elsewhere [25]. Briefly, the
prepared catalyst ink sprayed onto the gas diffusion layers and then
hot pressed onto the Nafion® 112 membrane. After the construction
of the single cell by using a commercial hardware (Electrochem,
FC05-01 SP REF), the fuel cell tests were performed by using the
home made fuel cell test station [25].

Performance tests were conducted at ambient pressure and fuel
cell temperature was set to 70°C, whereas anode and cathode
humidifiers were adjusted to 70 °C. All lines prior to fuel cell were
heated to maintain the uniform temperature at the inlet to the fuel
cell. Pure hydrogen and oxygen gases are used as reactants and both
of the reactants fixed flow rate were kept at 100 cm3 min~! during
the experiments.

Fuel cell is first purged with nitrogen for 30 min and then oper-
ated at 0.5V for several hours. Potentiostatic measurements were
carried out with an electronic load (TDI dynaload RBL488 400 W)
integrated to the single fuel cell. Steady state currents are recorded
for adjusted potentials.
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Fig. 4. N, adsorption/desorption isotherms and the corresponding pore size distri-
bution for HCMS carbon.
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Fig. 5. SEM (a) and TEM (b) micrograph of 20% Pt/HCMS2.

3. Results and discussion
3.1. Solid core mesoporous shell silica

Sub micrometer-size silica spheres exhibiting solid core meso-
porous shell structure were synthesized with a molar ratio
of TEOS/C18TMS=5.3 [23,24]. Adjusting the molar ratio of
TEOS/C18TMS, one can change the core and the shell thicknesses
of the silica template [26]. Scanning electron microscopy (SEM)
images of SCMS silica spheres (Fig. 1a) showed that the spheres are
uniformly distributed with an average particle size of 490 nm. The
transmission electron microscopy (TEM) micrograph of the SCMS
silica (Fig. 1b) indicates the formation of spherical particles with a
core diameter of 300 nm and shell thickness of 95 nm.

Typical nitrogen adsorption/desorption isotherms and corre-
sponding pore size distribution for SCMS silica are shown in Fig. 2.
Brauner-Emett-Teller (BET) surface area of SCMS silica was calcu-
lated as 492m? g~! for a total pore volume of 0.40cm3g~!. The
pore size distribution data calculated from the adsorption branches
of nitrogen isotherms by the Barrett-Joyner-Halenda (BJH) method
indicated that the pores of the SCMS silica template are uniform
and centered at 2.41 nm.

3.2. Hollow core mesoporous shell carbon

Characterization of the spherical hollow core mesoporous shell
carbon structures was conducted with nitrogen adsorption, SEM
and TEM analysis. SEM micrograph of HCMS carbon (Fig. 3a)
revealed that spherical carbons were uniformly distributed with
an average particle diameter of 500 nm and some carbon capsules
were fragmented. TEM image (Fig. 3b) of the HCMS carbon particles
exhibited a uniform particle size with a core diameter of 340 nm and
shell thickness of 80 nm, respectively.

HCMS1 nitrogen adsorption/desorption isotherms at 77 K and
corresponding pore size distributions for HCMS1 and HCMS2 are
shown in Fig. 4. The isotherm for HCMS carbon exhibited type IV

Table 1
BET surface areas for the prepared catalysts.

isotherm with a H2 hysteresis (according to IUPAC classification).
The pore size distribution of the prepared HCMS carbon spheres is
uniform and the average pore diameter is 3.02 nm for HCMS1 and
3.90 nm for HCMS2 estimated from BJH analysis for the adsorption
branches of the isotherm data. BET surface area of HCMS carbon
was found as 1290 m2 g~! for HCMS1 and 759 m? g~! for HCMS2.
BET surface areas for the prepared Pt-Pd/HCMS2 catalysts are given
in Table 1.

3.3. Characterization of Pd-Pt/HCMS electrocatalysts

Fig. 5 shows SEM and TEM images of Pt/HCMS2 electrocata-
lyst. It is clearly seen from the TEM image that Pt nanoparticles
were uniformly distributed over carbon support. However, some of
the spheres were corrupted and particle growth for some specific
regions was observed.

Fig. 6a shows the XRD patterns of the SCMS silica template
and HCMS2 carbon and Fig. 6b shows the typical XRD patterns of
Pt-Pd/HCMS2 for different Pt/Pd percent weight ratios on carbon
support. The XRD pattern for the SCMS silica particles as shown
in Fig. 6a, indicated a strong primary (100) diffraction peak cen-
tered at 20 =2.10°. A slight shift to lower angles was detected related
to the alkyl chain length of the surfactant [27]. The XRD pattern of
the HCMS2 carbon spheres revealed a strong (0 0 2) diffraction peak
centered at 20 = 18°, demonstrating the amorphous character of the
carbon [26]. From Fig. 6b, it is observed that all the XRD patterns
of the Pt-Pd/HCMS?2 catalysts exhibit the main characteristic peaks
of fcc crystalline Pt and Pd with the planes of (111),(200),(220)
and (311). The particle sizes of the catalysts were calculated by
using Scherrer equation for the half-full-width at half maximum
of the (220) inflection and given in Table 2. As can be seen from
the table, for the Pt/HCMS?2 catalyst the particle size was calculated
as 4nm. With the addition of the second metal of Pd, the parti-
cle sizes of the bimetallic catalysts increased. The diffraction peaks
were slightly shifted to higher 26 values for the bimetallic and also
for PA/HCMS2 catalysts when compared to Pt/HCMS2 catalyst.

Table 2
Particle sizes calculated for the prepared Pd-Pt/HCMS2 catalysts by using the XRD
patterns.

Catalyst Pt (%) Pd (%) BET surface Total volume
area(m?g1) (cm3g1) Catalyst Pt (%) Pd (%) Particle size (nm)
Pt/HCMS2 20 0 277 0.33 Pt/HCMS2 20 0 4
PtPd/HCMS2 15 5 325 0.41 PtPd/HCMS2 15 5 5
PtPd/HCMS2 10 10 262 0.34 PtPd/HCMS2 10 10 8
PtPd/HCMS2 5 15 319 0.39 PtPd/HCMS2 5 15 6
Pd/HCMS2 0 20 335 041 Pd/HCMS2 0 20 16
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Table 3
Current and power densities for the prepared catalysts at 0.6V and 0.4 V.
Catalyst @0.6V @0.4V

Current density (mA cm~2) Power density (W cm—2) Current density (mA cm~2) Power density (W cm~2)
Pt/HCMS1 233 0.14 451 0.18
PtPd/HCMS1 (15:5) 265 0.16 531 0.21
PtPd/HCMS1 (10:10) 100 0.06 343 0.14
PtPd/HCMST1 (5:15) 143 0.08 335 0.13
Pd/HCMS1 28 0.02 215 0.09
Pt/HCMS2 329 0.20 560 0.22
PtPd/HCMS2 (15:5) 250 0.15 480 0.19
PtPd/HCMS2 (10:10) 164 0.10 349 0.14
PtPd/HCMS2 (5:15) 138 0.08 472 0.19
Pd/HCMS2 98 0.06 237 0.10
Pt/C (ETEK)?® 524 0.31 808 0.32

Fig. 7 shows the XPS spectra for Pt 4f core level spectra. The
two doublets for high and low energy bands are seen at around
71.3 eV and 74.5 eV which correspond to Pt4f;, and Pt4fs,, respec-
tively, indicating the existence of Pt metal. Also the Pd 3d core level
spectrum is given in Fig. 8. The two doublets corresponding to Pd
3d were seen at around 335.3 eV and 340.5 eV which correspond
to Pd 3ds;, and Pd 3d3,, respectively, indicating the existence of
Pd metal. The shift of the peaks is shown with dashed lines in the
figures which might be resulted from the alloy formation and the
electronic interaction between Pt and Pd atomic orbit [28]. The sur-
vey spectra for Pt/HCMS2, PtPd/HCMS2 (10:10) and Pd/HCMS2 are
given in Fig. 9. As can be seen from the figure carbon and oxygen
peaks exist for all catalysts. C1s peak was observed at a binding
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Fig. 6. The XRD patterns of (a) as-synthesized SCMS silica and HCMS2 carbon, and
(b) Pt-Pd/HCMS2 catalysts.

energy of 284.4 eV, whereas O1 s binding energy values were cen-
tered at 532.0-532.8 eV. The oxidation states information of the
elements composed of Pt-Pd/HCMS2 materials was obtained by XPS
studies. Amount of oxygenated groups on the carbon support affects
the platinum and palladium surface areas. Interaction of platinum
with the carbon support shifts the peak maxima from the expected
70.9eV value to the higher values of 71.3eV and 71.2eV for the
catalysts Pt/HCMS2 and Pt-Pd/HCMS2 (10:10), respectively. Shift of
Ptdf;, core level spectra can be considered as a measurement of
oxidized platinum [29]. Palladium surface oxidation is character-

Pt 4f

PtPA/HCMS2 (5:15)

PtPA/HCMS2 (10:10)

PIPA/HCMS2 (15:5)
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Fig. 7. Pt 4f XPS spectra for HCMS2 based catalysts.
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Fig. 8. Pd 3d XPS spectra for HCMS2 based catalysts.
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Fig. 9. XPS survey spectra for Pt/HCMS2, PtPd/HCMS2 (10:10) and Pd/HCMS2.

ized by Pd 3ds), peaks at 334.9eV, 335.5eV, and 336.3 eV, which
corresponds to the bulk Pd atoms and Pd atoms with two and four
O neighbors, respectively. XPS survey spectra given in Fig. 9, indi-
cates Pd 3dsp, peaks centered at 335.2eV. This slight shift might
signify the oxidation of Pd atoms with two O neighbors [30].

Surface elemental composition was obtained by XPS analysis.
Despite the presence of contaminants in the electrocatalysts, the
XPS spectra were all dominated by palladium, platinum, and car-
bon signals. During the synthesis, extraneous anions like F~ and Cl~
were detected due to the use of HF in the etching process and metal
precursors (H,PtClg, PACl,) to incorporate palladium and platinum,
respectively. Even though the presence of extraneous anions in
small amounts in the electrocatalysts, no detrimental effect on fuel
cell performance was observed.

3.4. PEMFC performance tests

Fig. 10 shows the PEMFC polarization curve of the HCMS1
based catalysts. The curve shows that only the addition of 5% Pd
into Pt/HCMST1 catalyst increased the performance of the PEMFC.
The best fuel cell performance was observed for Pd-Pt/HCMS1
containing 5% Pd and 15% Pt. Additional increase of palladium con-
tent lowered the fuel cell performance when HCMS1 was used as
catalyst support. At high current densities (>300 mA cm~2) the dif-
ference between the fuel cell performances of Pt-Pd/HCMS1 (5:15)
and PtPd/HCMS1 (10:10) catalysts decreased and similar results
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Fig. 10. PEMFC polarization curve of the HCMS1 based cathode catalysts (anode
catalyst is 20% Pt/C, ETEK).
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Fig. 11. PEMFC polarization curve of the HCMS2 based cathode catalysts (anode
catalyst is 20% Pt/C, ETEK).

were obtained. The current and power densities of the catalysts at
0.6V and 0.4V potentials are given in Table 3. These results are also
compared with the performance of commercial Pt/C (20%, ETEK)
catalyst [20]. It should be emphasized that 5% Pd metal contain-
ing electrocatalyst has a potential to be used as cathode catalyst in
further studies.

Fig. 11 shows the PEMFC performance curves of the HCMS2
based catalysts when the catalyst is used as the cathode electrode.
In case of HCMS2, the best fuel cell performance was obtained with
20% Pt over HCMS2 catalyst. When compared with 20% Pt/HCMS2
catalyst, it was seen that the fuel cell performance for 5% pal-
ladium containing catalyst exhibited very close behavior to the
Pt/HCMS?2 electrocatalyst. Relatively lower fuel cell performances
were obtained as the palladium amount was increased in the
catalyst. It should be noted that Pd particle size increases with
increasing Pd content. This result may indicate that Pd particle size
is a critical parameter affecting the fuel cell performance.

Fig. 12 shows PEMFC performance of the HCMS2 based anode
electrocatalysts. Utilization of Pd as an anode catalyst enhanced the
hydrogen oxidation reaction. As the palladium content of the elec-
trocatalyst was increased from 5% to 15%, fuel cell performance was
decreased slightly. The comparison of the current and power densi-
ties of the HCMS2 based catalysts for anode and cathode electrode
at0.6 Vis givenin Table 4. From the table, it is clear that when the Pd
doped Pt catalysts are used as anode electrode the current density
is approximately doubled. Pd-Pt/HCMS?2 alloy catalysts exhibited
good anode electrodics compared to the cathode electrodics.
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Fig. 12. PEMFC polarization curve of the HCMS2 based anode catalysts (cathode
catalyst is 20% Pt/C, ETEK).
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Table 4
Comparison of the current and power densities for the prepared HCMS2 based catalysts at 0.6V either being used as anode or cathode electrode.
Catalyst @0.6 V (as cathode) @0.6 V (as anode)
Current density (mA cm~2) Power density (W cm—2) Current density (mA cm~2) Power density (W cm~2)
PtPd/HCMS2 (15:5) 250 0.15 340 0.20
PtPd/HCMS2 (10:10) 164 0.10 338 0.20
PtPd/HCMS2 (5:15) 138 0.08 260 0.15

HCMS?2 based electrocatalysts performed better than the HCMS1
based electrocatalysts. At relatively high current densities, trans-
port of the reactants and the products was facilitated by increasing
the average pore diameter of the hollow core mesoporous shell car-
bon from 3.02nm to 3.90 nm. A further increase of average pore
diameter by changing the carbon precursor or silica template struc-
ture will probably increase the fuel cell performance.

4. Conclusion

Hollow core mesoporous shell carbon was synthesized using
two carbon precursors and Pd-Pt alloy catalysts over carbon sup-
ports (HCMS1 and HCMS2) were prepared by microwave irradiation
method. It was concluded that as the pore size of the carbon was
increased by changing the type of the carbon precursor, fuel cell
performances of the HCMS2 based catalysts were improved signif-
icantly.

Pd-Pt/HCMS electrocatalysts are promising anode and cathode
PEMFC catalysts. Fuel cell tests showed that Pd-Pt/HCMS2 catalysts
were more active when the catalysts were used as anode electrode
and the fuel cell performance was doubled. Considering the high
cost and lack of reserves of platinum, palladium seems to be a
promising electrocatalyst for PEMFCs.

Bimetallic catalysts exhibited a considerable activity for low Pd
content Pd-Pt/HCMS catalysts. Adding Pd in small amounts might
increase the stability of the electrocatalyst and can help to the
reconfiguration of Pt-C interaction. An increase in the particle size
of the Pd-Pt bimetallic catalysts was observed as the Pd loading
was increased. Decreasing Pd-Pt alloy particle size by controlling
synthesis conditions, one will probably increase the dispersion
and prevent the possible agglomeration and consequently par-
ticle growth might be controlled during the course of fuel cell
operation.
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