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a b s t r a c t

An anode catalyst for a polymer electrolyte fuel cell must be CO-tolerant, that is, it must have the function
of hydrogen oxidation in the presence of CO, because hydrogen fuel gas generated by the steam reforming
process of natural gas contains a small amount of CO. In the present study, PtRu/C catalysts were prepared
with control of the degree of Pt–Ru alloying and the size of PtRu particles. This control has become possible
by a new method of heat treatment at the final step in the preparation of catalysts. The CO tolerances of
eywords:
olymer electrolyte fuel cell
atalyst
tRu
O tolerance

PtRu/C catalysts with the same degree of Pt–Ru alloying and with different average sizes of PtRu particles
were thus compared. Polarization curves were obtained with pure H2 and CO/H2 (CO concentrations of
500–2040 ppm). It was found that the CO tolerance of highly dispersed PtRu/C (high dispersion (HD)) with
small PtRu particles was much higher than that of poorly dispersed PtRu/C (low dispersion (LD)) with
large metal particles. The CO tolerance of PtRu/C (HD) was higher than that of any commercial PtRu/C.
The high CO tolerance of PtRu/C (HD) is thought to be due to efficient concerted functions of Pt, Ru, and

their alloy.

. Introduction

Much interest has recently been shown in polymer electrolyte
uel cells (PEFCs) as highly efficient energy conversion systems.
ydrogen gas is usually used as a fuel gas to operate PEFCs. Since
2 gas is usually generated by a steam reforming process of natural
as, the resultant H2 gas contains a small amount of CO. This CO
eactivates catalysts at the anode of a PEFC, and development of
n anode catalyst with high CO tolerance is therefore required for
ractical use of PEFCs [1,2]. Among previously reported catalysts,
latinum–ruthenium alloy is well known to have the highest CO
olerance [3]. However, it cannot accept H2 fuel gas with CO higher
han 100 ppm. Various studies have been carried out to increase CO
olerance of PtRu by improving methods for preparing PtRu and by

odification of PtRu with another metal or metal oxides [4–9].
A bifunctional mechanism, reduction of CO sticking probabil-

ty and modification of the electronic structure, is thought to be

nvolved in the mechanism of CO tolerance. In the bifunctional

echanism [10–14], H2O that is supplied to humidify the metal
lectrode assembly (MEA) is converted to OH− and H2 on the Ru
urface and then OH− reacts with CO that is adsorbed on the Pt
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surface, resulting in the formation of CO2 and thus elimination of
CO on the Pt surface. In the second mechanism, sticking proba-
bility of CO on Pt is reduced by Ru. In the third mechanism, the
electronic structure of Pt is modified by Ru, leading to improved
catalytic functions.

To enhance CO tolerance of PtRu catalysts, it is necessary to
control the structure of PtRu. It has been reported that high CO
tolerance was achieved when Ru was deposited on a highly dis-
persed Pt/C catalyst with subsequent annealing to induce alloying
between Pt and Ru [15]. This alloying is an important factor for
achieving high CO tolerance. However, the alloying process at a high
temperature also leads to coalescence of PtRu particles, resulting in
the formation of large PtRu particles [16–18], and it has therefore
been difficult to control the degree of alloying and the degree of
dispersion independently. Preparation of highly alloyed and highly
dispersed PtRu/C catalysts has been particularly difficult. Informa-
tion on the effects of particle size on CO tolerance is still lacking.
Separate control of the degree of alloying and the degree of disper-
sion (particle sizes) is needed to obtain such information.

In this work, we made PtRu/C anode catalysts with almost inde-
pendent control of the degree of Pt–Ru alloying and PtRu particle
sizes. In our method for preparing catalysts, the degree of Pt–Ru

alloying could be kept constant and sufficiently high, while the sizes
of PtRu particles were changed. It is possible to make catalysts that
consist of small PtRu particles with high degrees of alloying. This
control is performed in the final heating step of catalyst preparation
in H2 and involves only changing the period for elevation of temper-

http://www.sciencedirect.com/science/journal/03787753
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ture and maximum temperature in extremely wide ranges with
o change in other procedures for preparation of catalysts. Thus,

t has become possible to compare CO tolerance of catalysts with
he same high degree of alloying and different average particle sizes
hat are made by basically the same method. CO tolerance of PtRu/C
ith small PtRu particles was found to be much higher than that

f PtRu/C with large PtRu particles and also higher than that of
ny commercial PtRu/C catalysts. The correlation between sizes of
etal particles and CO tolerance is discussed.

. Experimental

.1. Preparation of PtRu/C

In the present study, PtRu/C catalysts of Pt:Ru = 2:3 and
t:Ru = 1:3 were prepared. These PtRu/C catalysts were prepared
y deposition of Ru onto a commercial Pt/C catalyst with 40 wt%
t as follows. This method is similar to that reported previously
15]. First, 1.25 g of Pt/C, 1 or 2 g of RuCl3nH2O, 25 mL of alcohol
nd 200 mL of distilled water were mixed and stirred in a glass bot-
le at a high temperature. During this process, Ru was reduced by

ethanol and stuck to Pt/C. The molar ratios of Pt:Ru in the catalysts
nd RuCl3nH2O were 2:3 or 1:3. After 12 h of stirring, the catalysts
btained were filtered and washed with hot distilled water. Then
he catalysts were dried in air at 80 ◦C overnight.

Next, catalysts were reduced in H2/Ar (5% H2) at high temper-
tures with a new method. In this reduction, the temperature of
he catalyst was monotonously elevated in an oven from room
emperature to a maximum temperature (Tmax). Tmax was widely
hanged from 25 ◦C (i.e., no heating) to 900 ◦C. The period (P) for
levating the temperature from room temperature to Tmax was
idely changed from 10 to 500 min. The oven was turned off

mmediately when the temperature reached Tmax to rapidly cool
he catalyst. When Tmax was 900 ◦C, the temperature decreased
rom 900 to 500 ◦C in 18 min and decreased from 500 ◦C to room
emperature in about 50 min. The time that it took to cool the cata-
yst from Tmax to room temperature was shorter when Tmax was
ower than 900 ◦C. The resultant sizes of PtRu particles (degree
f dispersion) and the degree of Pt–Ru alloying could be con-
rolled simply by changing P and Tmax. It was found that P and
max were good parameters to control degrees of dispersion and
lloying, respectively. Thus, a PtRu/C catalyst with high disper-
ion (HD) and a PtRu/C catalyst with low dispersion (LD) with
ell-alloyed PtRu were prepared. The conditions of these heating
rocesses, especially extremely short heating at high temperature,
re quite different from those of heating in previously reported
orks.

.2. Structural evaluation

XRD patterns of PtRu/C catalysts were obtained by using a pow-
er X-ray diffractometer (RIGAKU, RINT 2000). The tube current
sed for Cu K� radiation was 40 mA and the tube voltage was
0 kV. Silicon powder (Standard Reference Material 640C, NIST)
as used as a reference sample to correct the angle shift of the
owder X-ray diffractometer. The angular region of the 2� scan
as set between 10◦ and 85◦, and the scan rate was 1◦ min−1.

he peak profile of the (2 2 0) reflection of Pt fcc structure was
tted with a Gaussian function. The degree of alloying and the
article sizes were evaluated from the position and width of the

ptimum Gaussian functions. Catalyst morphology was also inves-
igated by using a Hitachi HD-2000 scanning electron microscope
SEM) and a scanning transmission electron microscope (STEM)
nstrument with an electron energy of 200 kV and a beam current
f 30 �A.
ources 195 (2010) 6398–6404 6399

2.3. Preparation of an MEA (membrane electrode assembly)

A P50T carbon paper provided by Ballard Material Products Inc.
was used as the backing layer of the anode and cathode. Carbon
black ink was made by mixing Vulcan XC-72 carbon black and poly-
tetrafluoroethylene (PTFE, Aldrich). The ink was painted onto the
backing layer to form a microporous layer. The amount of carbon
black painted was about 1.2 mg cm−2 and the PTFE content in the
microporous layer was 40 wt%.

To make the anode catalyst layer on the microporous layer,
PtRu/C catalysts and Nafion solution were ultrasonically suspended
in water and the resultant catalyst ink was painted onto the micro-
porous layer at 70 ◦C. The loading of Pt in the anode catalyst layer
was 0.5 mg cm−2 and the Nafion content was 10 wt%. Then a Nafion
solution was brushed onto the surface of the anode catalyst layer
with a dry ionomer loading of about 0.5 mg cm−2.

In all cases, an identical cathode catalyst layer was prepared by
the same procedure as that described above. A commercial Pt/C
catalyst (40 wt% Pt) was painted instead of PtRu/C catalysts, and
the loadings of Pt and Nafion in the resultant cathode layer were
the same as those in the anode catalyst layer. Finally, the anode
and cathode (22 mm × 22 mm) were placed onto the two sides of
a Nafion NRE-212 membrane (Aldrich) and hot-pressed at 135 ◦C
and 4 MPa for 10 min to form the MEA.

2.4. Single cell test

The MEA was assembled into a single cell with flow field plates
made of graphite and copper end plates attached to a heater (FC05-
01SP, ElectroChem, Inc.) [19]. The single cell was connected to fuel
cell test equipment (Kofloc Corp.) consisting of mass flow-rate con-
trollers, temperature controllers and humidifiers for the reactant
gases. Pure H2 (or H2/CO mixture) and oxygen were supplied at
a flow rate of 80 mL min−1 to the anode and cathode at ambient
pressure, respectively. During the measurement, a single cell was
operated at 75 ◦C, and the anode and cathode humidifiers were set
at 75 and 70 ◦C, respectively. The current was scanned from 0 A
with a rate of 0.02 A cm−2 s−1 and the scan was stopped when the
cell voltage became smaller than 0.3 V. The scan was repeated for
2 h with an interval of 5 min at each concentration of CO in order
to stabilize the concentration of CO.

2.5. CO stripping voltammetry

CO stripping voltammetry measurements were carried out in a
250 mL three-electrode cell (HR200, Hokuto Denko Corp.) at room
temperature. A commercial glassy carbon (GC) electrode (HR2-
D1-GC-5, 5 mm in diameter, 0.196 cm2, Hokuto Denko Corp.), a
Pt-wire electrode (Hokuto Denko Corp.) and a saturated calomel
electrode (SCE, Hokuto Denko Corp.) were used as a working elec-
trode, a counter electrode and a reference electrode, respectively.
The potential of the working electrode was controlled by an Ivium-
stat Electrochemical Interface System (Ivium Technologies B.V.).
Six milligram of the catalyst was dispersed in a mixture of 2 mL
water, 3 mL ethanol and 50 �L Nafion solution (5 wt%, Aldrich)
with ultrasonic stirring to form a homogeneous ink. The catalyst
layer was prepared by dropping 10 �L of the ink onto a GC disk
electrode by a microsyringe and drying at room temperature. All
potential values in this paper are referred to a reversible hydro-
gen electrode (RHE). For CO stripping voltammetry, pure CO was
supplied into the electrolyte solution (0.1 M HClO4) for 20 min at

a fixed potential of 0.05 V and then high-purity (99.99%) Ar was
bubbled for 30 min to remove the CO dissolved in the electrolyte
solution. The current–potential cycles were obtained from 0.05 to
1.2 V at a scan rate of 10 mV s−1. The calculated peak charge QCO was
used to compare the electrochemical surface area of the catalysts,
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PtRu. The distribution of sizes of particles was obtained from mea-
surements of sizes of about 200 particles in these images, as shown
in Fig. 3c. The sizes ranged from 3 to 20 nm, and the average particle
size was calculated to be 9.6 nm.
ig. 1. XRD patterns obtained for four PtRu/C (Pt:Ru = 1:3) catalysts reduced at dif-
erent temperatures in a short period, P = 10 min. Values of Tmax were (a) 25 ◦C, (b)
50 ◦C, (c) 450 ◦C and (d) 900 ◦C.

hich was obtained with the assumption of a monolayer of linearly
dsorbed CO and charge density required for electro-oxidation of
.42 mC cm−2.

. Results and discussion

Fig. 1a–d shows XRD patterns obtained for four PtRu/C
Pt:Ru = 1:3) catalysts reduced in H2 with different values of Tmax

or extremely short time (P = 10 min). Values of Tmax were (a) 25 ◦C
i.e., without heating), (b) 250 ◦C, (c) 450 ◦C and (d) 900 ◦C. In (a)
here are two peaks at 40◦ and 47◦, which are very close to the
ngles of diffractions from (1 1 1) and (2 0 0) planes of platinum.
his XRD pattern is very similar to that of a Pt/C catalyst without
eposition of Ru. This indicates that platinum and ruthenium were
ot alloyed. No diffractions from ruthenium were observed, and the
egree of crystallization of ruthenium was very low.

With increases in Tmax, the peak of diffraction from the (1 1 1)
lane shifted to higher angles and additional peaks appeared as
hown by b–d. The additional peaks also shifted to higher angles.
hese results indicate that the lattice constants changed due to
lloying between platinum and ruthenium as Tmax was increased.
he sizes of particles were estimated from the width of the peak
f X-ray diffraction from the (2 2 0) plane. With increases in Tmax,
he average sizes of particles increased from 2.3 to 5.0 nm. While
ncrease in size during the alloying process could not be completely
voided, the increase in size was minimized by using a very short
eriod of annealing. The XRD pattern shown in Fig. 1d indicates a
igh degree of alloying even though the average particle size was
s small as 5 nm, indicating a highly dispersed and highly alloyed
atalyst.

Fig. 2a–c shows XRD patterns obtained for three PtRu/C
Pt:Ru = 1:3) catalysts reduced with a constant Tmax of 900 ◦C and
ifferent values of P. The values of P were (a) 10 min, (b) 30 min

nd (c) 500 min. All XRD patterns show peaks at the same angles,
ndicating that platinum and ruthenium in all catalysts were well
lloyed. However, the widths of peaks increased with decreasing P,
ndicating that the average particle size decreased. This indicates
Sources 195 (2010) 6398–6404

that it is possible to prepare highly dispersed catalysts by decreas-
ing the period of annealing while maintaining a sufficiently high
degree of alloying of Pt–Ru. This technique is very fundamental and
important because an alloying process usually leads to coalescence
of metal particles, resulting in the formation of large particles, and it
is generally difficult to prepare small particles with a high degree of
alloying. The average sizes estimated from the position and width
of the peak due to diffraction from the (2 2 0) plane were 5.0 nm (a),
5.7 nm (b) and 13.2 nm (c). The catalysts with XRD patterns shown
in Fig. 2a and c are referred to as PtRu/C (1:3, high dispersion (HD))
and PtRu/C (1:3, low dispersion (LD)), respectively. PtRu/C (2:3, HD)
was also prepared by the same method as that used for PtRu/C (1:3,
HD) with change in the molar ratio of Pt to Ru. The average sizes of
metal particles of PtRu/C (2:3, HD) estimated from the position and
width of the peak due to diffraction from the (2 2 0) plane at 69.0◦

were 3.1 nm, which is smaller than the value of 5.0 nm for PtRu/C
(1:3, HD).

Fig. 3a and b shows STEM and SEM images of PtRu/C (1:3, LD),
respectively. The scale bars indicate 50 nm. Since the atomic num-
bers of metals are larger than that of carbon, metal particles are
shown by dark particles in the STEM image and by bright particles
in the SEM image. These images show relatively large particles of
Fig. 2. XRD patterns obtained for three PtRu/C (Pt:Ru = 1:3) catalysts reduced with
Tmax = 900 ◦C for different periods P. Values of P were (a) 10 min, (b) 30 min and
(c) 500 min. (d) shows an XRD pattern obtained for PtRu/C (2:3, HD) reduced with
Tmax = 900 ◦C and P = 10 min.
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PtRu/C (2:3, CM) (thick solid line) obtained with CO/H2 (2040 ppm
CO). The performances of all catalysts became worse, i.e., the cell
voltages were lower than those obtained with pure H2 shown in
Fig. 6a. This is because the anode catalysts were deactivated by CO.
The PtRu/C (2:3, HD) and PtRu/C (1:3, HD) catalysts still showed
ig. 3. STEM image (a) and SEM image (b) of PtRu/C (1:3, LD). Scale bars indicate
0 nm. (c) shows the distribution of particle sizes obtained from (a).

Fig. 4a and b shows STEM and SEM images of PtRu/C (1:3, HD),
espectively. The scale bars indicate 50 nm. The particles are much
maller than those in the images in Fig. 3a and b, which is consistent
ith the large width of peaks in the XRD pattern shown in Fig. 2a.

he distribution of sizes of particles derived from about 200 par-
icles in these images is shown in Fig. 4c. The sizes were less than
nm, and the average particle size was calculated to be 3.4 nm.

Fig. 5a and b shows STEM and SEM images of PtRu/C (2:3, HD),
espectively. The scale bars indicate 50 nm. The particles are further
maller than those in the images in Fig. 4a and b, which is consis-
ent with the fact that the average size of PtRu/C (2:3, HD) estimated
rom the XRD pattern is smaller than that of PtRu/C (1:3, HD). The

istribution of sizes of metal particles derived from about 200 par-
icles in these images is shown in Fig. 5c. The average particle size
as 2.35 nm.
ources 195 (2010) 6398–6404 6401

Fig. 6a shows I–V curves for PtRu/C (1:3, HD) (thin solid line),
PtRu/C (2:3, HD) (dashed line), PtRu/C (1:3, LD) (dotted line), and
PtRu/C (2:3, commercial (CM)) (thick solid line) obtained with pure
H2. The alloying degree of PtRu/C (2:3, CM) is similar to that of
PtRu/C (2:3, HD) since the position of (2 2 0) XRD peak described on
its data sheet was 69.00◦ which is almost the same as that (69.0◦)
of PtRu/C (2:3, HD). With increases in current, the cell voltages
decreased. The PtRu/C (2:3, HD) catalyst showed the best perfor-
mance, i.e., the highest cell voltages, though the performances of
all catalysts were basically the same.

Fig. 6b shows I–V curves for PtRu/C (1:3, HD) (thin solid line),
PtRu/C (2:3, HD) (dashed line), PtRu/C (1:3, LD) (dotted line), and
Fig. 4. STEM image (a) and SEM image (b) of PtRu/C (1:3, HD). Scale bars indicate
50 nm. (c) shows the distribution of particle sizes obtained from (a).
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Table 1
Voltage and decrease in voltage by CO at current density of 0.20 A cm−2.

Average size of metal particles (nm) Voltage and (voltage drop) (V)

XRD STEM Pure H2 500 ppm CO 2040 ppm CO

PtRu/C (1:3, LD) 13.2 9.55 0.764 0.627 (0.137) 0.418 (0.346)
PtRu/C (1:3, HD) 5.0 3.42 0.788 0.754 (0.034) 0.716 (0.072)
PtRu/C (2:3, HD) 3.1 2.35 0.783 0.751 (0.033) 0.705 (0.078)

full w
t

e
w
T
3
(

F
i
p

PtRu/C (2:3, CM) 3.62a

a The average particle size for PtRu/C (2:3, CM) was estimated from the values for
he data seat of the commercial catalyst.
xcellent performances, indicating high CO tolerance, compared
ith the performances of PtRu/C (2:3, CM) and PtRu/C (1:3, LD).

he average particle size of PtRu/C (2:3, CM) was calculated to be
.62 nm from the position (69.00◦) and full width at half maximum
2.66◦) of 2 2 0 X-ray diffraction which was described in the data

ig. 5. STEM image (a) and SEM image (b) of PtRu/C (2:3, HD). (a) and (b) show
mages of different parts. Scale bars indicate 50 nm. (c) shows the distribution of
article sizes obtained from (a).
0.774 0.704 (0.070) 0.585 (0.189)

idth at half maximum (2.66◦) and position (69.00◦) of 2 2 0 diffraction described in

seat of this catalyst. This average size was larger than the aver-
age size (3.1 nm) of PtRu/C (2:3, HD) derived from the position
(68.92◦) and width (3.13◦) of 2 2 0 X-ray diffraction. The positions
of 2 2 0 diffraction for PtRu/C (2:3, HD) and PtRu/C (2:3, CM) were
close, indicating that the degrees of alloying of PtRu/C (2:3, HD)
and PtRu/C (2:3, CM) were very similar. These results indicate that
highly dispersed catalysts show high CO tolerance. The difference
between voltages with CO/H2 and with pure H2 is an indicator of
CO tolerance. Voltages and decreases in voltage by CO at the cur-
rent density of 0.24 A cm−2 are summarized with average particle

sizes in Table 1. It is clearly seen that catalysts with small particles
show high CO tolerance for both Pt:Ru = 1:3 and 2:3. While alloying
of Pt and Ru is well known to be an important factor for achieving
high CO tolerance, the effect of dispersion on CO tolerance has not
been reported.

Fig. 6. (a) I–V curves for PtRu/C (1:3, HD) (thin solid line), PtRu/C (2:3, HD) (dashed
line), PtRu/C (1:3, LD) (dotted line), and PtRu/C (2:3, CM) (thick solid line) obtained
with pure H2. (b) I–V curves for PtRu/C (1:3, HD) (thin solid line), PtRu/C (2:3, HD)
(dashed line), PtRu/C (1:3, LD) (dotted line), and PtRu/C (2:3, CM) (thick solid line)
obtained with H2/CO (2040 ppm CO).
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[7] Y. Morimoto, E.B. Yeager, J. Electroanal. Chem. 441 (1998) 77.
ig. 7. CO stripping voltammetry. (a) PtRu/C (1:3, HD) and PtRu/C (1:3, LD). (b)
tRu/C (2:3, HD) and PtRu/C (2:3, CM).

The activity for CO electrochemical oxidation is often considered
s an indicator of CO tolerance. Fig. 7a and b shows comparison of
O stripping voltammetry between PtRu/C (1:3, HD) and PtRu/C
1:3, LD), and PtRu/C (2:3, HD) and PtRu/C (2:3, CM), respectively.
he electrochemical surface area of PtRu/C (1:3, HD) calculated
rom these results was 47.0 m2 g−1 (Pt + Ru), which was larger than
hat of PtRu/C (1:3, LD) (21.9 m2 g−1 (Pt + Ru)). In addition, the
nset and peak potentials for PtRu/C (1:3, HD) (0.28 V, 0.48 V) were
ower than those for PtRu/C (1:3, LD) (0.43, 0.507 V). These different
otential values cannot be explained as the effect of different sur-
ace areas. These results suggest that high CO tolerance of PtRu/C
1:3, HD) is due to the high efficiency for CO oxidation that is not
ue to the large surface area although the large surface area may
lso enhance CO tolerance in part. The electrochemical surface area
f PtRu/C (2:3,HD) (62.8 m2 g−1 (Pt + Ru)) was slightly larger than
hat of PtRu/C (2:3, CM) (59.0 m2 g−1 (Pt + Ru)). The onset and peak
otentials for PtRu/C (2:3, HD) (0.26, 0.45 V) were slightly lower
han those for PtRu/C (2:3, CM) (0.28, 0.465 V). The difference in
lectrochemical surface areas, onset and peak potentials between
tRu/C (2:3, HD) and PtRu/C (2:3, CM) is small, but difference in
O tolerance between these two catalysts shown in Fig. 6 is signif-

cant. This suggests that CO tolerance is affected also by additional
nknown structural factors (makers and preparation methods of
he two catalysts are different) that are difficult to evaluate from
lectrochemical surface areas and activities of electrochemical CO
xidation.

The high CO tolerance of PtRu/C (1:3, HD) and PtRu/C (2:3, HD)
s probably due to efficient concerted functions of Pt, Ru and their

lloy. Pt has the function of H2 dissociation, yielding H+ that pen-
trates through Nafion to the cathode. When CO is adsorbed on
t, this catalytic function is interrupted. On the other hand, Ru
as the function to create OH−. CO adsorbed on Pt is oxidized by
ources 195 (2010) 6398–6404 6403

OH− provided by adjacent Ru [3]. Therefore, high CO tolerance is
achieved if OH− is efficiently supplied from Ru to Pt. These con-
certed functions operate efficiently on catalysts with a high degree
of dispersion since Pt, Ru and their alloy all exist within the diffusion
length of reactants. It is well known that high dispersion of cata-
lysts is an important factor for achieving high catalytic activities.
The results of this study indicate that dispersion of PtRu is also an
important factor for achieving high CO tolerance of PtRu catalysts
of PEFCs. The surface condition of carbon may affect gas diffusion
and water transfer resistance in MEA. The final heat treatment in
H2 in preparation of the three catalysts should result in reduction
of carbon surfaces. It is not clear whether different heat treatments
of these catalysts resulted in different surface conditions of car-
bon.

It has been reported that increase in the ratio of Ru to Pt
enhances CO tolerance of PtRu/C [15]. In that work, the average
particle sizes (4–5 nm for Pt:Ru = 1:1 and 6–8 nm for Pt:Ru = 1:2)
were larger than those in the present study. In the present study,
PtRu/C (1:3, HD) showed higher CO tolerance than that of PtRu/C
(2:3, HD), but the difference was not significant.

4. Conclusions

PtRu/C catalysts were prepared with control of both the degree
of Pt–Ru alloying and the sizes of PtRu particles, which has so far
been difficult. This control was achieved by a new method of heat-
ing in the final step of catalyst preparation in which the period for
elevating the temperature and the maximum temperature of the
catalyst were changed in extremely wide ranges, while other pro-
cesses in making the catalyst were unchanged. It was found that
P and Tmax were good parameters to control degrees of dispersion
and alloying, respectively. The CO tolerances of PtRu/C catalysts
with the same degree of Pt–Ru alloying and with different average
sizes of PtRu particles were thus compared, and the dependence
of CO tolerance on particle size was investigated. The CO toler-
ance of highly dispersed PtRu/C (HD) with small PtRu particles
was found to be much higher than that of poorly dispersed PtRu/C
(LD) with large PtRu particles, indicating the importance of dis-
persion of PtRu to achieve high CO tolerance. The CO tolerance of
PtRu/C (HD) was higher than that of any commercial PtRu/C cat-
alysts. This high CO tolerance was achieved by extremely short
annealing at high temperature. The high CO tolerance of PtRu/C
(HD) is probably due to efficient concerted functions of Pt, Ru and
their alloy. The method for controlling the degrees of alloying and
dispersion would be applicable for the preparation of other alloy
catalysts.
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