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Abstract

A PtRuIr/C catalyst was prepared using a microwave-irradiated polyol plus annealing (MIPA) synthesis strategy and characterized by a series of
techniques. The results are discussed in comparison with those for PtRu/C catalyst prepared in the same way; they show insignificant difference in
particle morphology, particle size, size distribution, phase structure, and compositional homogeneity. CO stripping voltammetry and single-proton
exchange membrane fuel cell tests reveal that including Ir in the PtRu system results in an excellent COads electro-oxidation activity. Based on
exploration of the structure–performance relationship, a speculative mechanism for the superior performance of the PtRuIr/C catalyst is proposed
that suggests that the enhanced performance is attributed mainly to the interaction between RuO2 and IrO2, leading to facile oxidation of COads
on active metal sites at a lower potential relative to the PtRu/C analogue.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogen (H2) is the ideal fuel for proton exchange mem-
brane (PEM) fuel cells and typically produced via steam re-
forming or partial oxidation of methanol or other hydrocarbons
[1,2]. Platinum supported on high-surface area carbon black has
proven to be the most active catalyst for hydrogen oxidation re-
action (HOR) occurring at the anode of the PEM fuel cells [3,4].
Unfortunately, however, carbon monoxide (CO) is a byproduct
of these H2 production processes, and even a few ppm of CO
contained in the H2 stream can severely poison the platinum
catalyst [1–7]. The CO poisoning problem leads to significantly
decreased output power and energy utilization efficiency, and
currently remains one of the challenges hindering the commer-
cialization of PEM fuel cells [1].
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Efforts to mitigate CO poisoning have been concentrated on
the addition of cocatalysts, such as Ru [1–17], Mo [18,19], Sn
[19], W [19,20], Nb [21], and Ni [22–25], to platinum. Other
systems (e.g., PdAu [26]) have also been studied as CO-tolerant
catalysts, and considerable advances have been made. Of many
possibilities, the binary PtRu system is now recognized as the
most promising candidate [1,3,7,8].

There are two proposed mechanisms for the improved CO-
tolerance of the state-of-the-art PtRu catalyst [2,4,12]. One is
promoted mechanism, according to which the oxophilic ruthe-
nium in the PtRu catalyst dissociates water into OH and H at
a lower potential than that on platinum. The CO chemisorbed
on the platinum sites can then be oxidized by the nearby OH
species. The other is an intrinsic mechanism by which the elec-
tronic structure of platinum is modified by forming an alloy
with Ru. This results in the weakening of the carbon monox-
ide adsorption on platinum. Both mechanisms imply that the
particle size and composition should be delicately controlled;
that is, Pt and the promoting metals should intimately contact
at atomic scale or form alloy clusters with compositional ho-
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mogeneity, and the nanoparticles should have a narrow size
distribution [3,10,11]. From the standpoint of the commercial-
ization of PEM fuel cells, the modified performance by carbon-
supported PtRu nanocomposites is still not enough, and more
active catalysts for HOR in the presence of CO are critically
needed for a practical application of this technology [1].

In this work, a carbon-supported PtRuIr nanocomposite is
prepared via the microwave-irradiated polyol plus annealing
(MIPA) synthesis strategy. The addition of iridium to the PtRu
system is based mainly on the consideration that iridium diox-
ide (IrO2) has a good activity toward oxygen evolution reaction
[27–30]. Inclusion of iridium may thus promote the oxidation
of the COads species on the active metal sites.

In the MIPA process, the metal salts are reduced by ethyl-
ene glycol with microwave irradiation as the heating source.
The process combines the advantages of high dielectric loss (di-
electric constant, 41.4 at 20 ◦C [31]) of ethylene glycol and the
fast and homogeneous heating property of microwave irradia-
tion and thus can result in a rapid reaction rate, small particle
size, and narrow size distribution. The method was first applied
by Komarneni et al. [32] to prepare nanosized metallic parti-
cles and has recently attracted great attention in the field of
metal nanoparticle synthesis [10,33–36]. Reductive annealing
of the nanocomposite aims to promote the interaction of the
metals [3,6]. Duplicate experiments have confirmed that our
PtRuIr/C catalyst has a very high activity for COads electro-
oxidation, even higher than that of the commercial PtRu/C cat-
alyst. A speculative mechanism for the superior performance of
the PtRuIr/C catalyst is proposed on the basis of exploration of
the structure–performance relationship.

2. Experimental

2.1. Catalyst preparation

The synthesis was carried out with the aid of a domestic
microwave oven (LG WD700, 700 W, 2450 MHz). Vulcan XC-
72R carbon black (Cabot Corp., SBET = 250 m2/g) was used
as the support. The catalyst having 40 wt% metal and Pt:Ru:Ir
atomic ratio of 1:1:1 was typically prepared as follows: 200 mg
of Vulcan XC-72R carbon black was added in 120 ml of eth-
ylene glycol and stirred vigorously to obtain a slurry. Then
solutions of 2.48 ml of 0.1517 M hexachloroplatinic acid in
ethylene glycol, 10.27 ml of 0.0366 M ruthenium(III) chloride
in ethylene glycol, and 1.5 ml of 0.1821 M chloroiridic acid
in ethylene glycol were mixed and subsequently added to the
slurry. The suspension was stirred for 30 min and ultrasonicated
for another 30 min, followed by the addition of a 2.5 M eth-
ylene glycol solution of sodium hydroxide to increase the pH
to >10. The suspension was exposed to microwave irradiation
in a 90 s on–10 s off–60 s on heating strategy, then cooled to
room temperature. Hydrochloric acid (3 M) was added to lower
the pH to <1, to induce sedimentation of the as-synthesized
PtRuIr nanocomposite. The product was recovered by centrifu-
gation and washing with ethanol for several times and dried in
a vacuum oven at 80 ◦C for 8 h. The dry powder was then re-
ductively annealed under flowing nitrogen (5% H2/N2, 500 ◦C,
4 h). The catalyst thus obtained is denoted as DICP PtRuIr/C.
For comparison, Vulcan XC-72R-supported PtRu nanocompos-
ite with 40 wt% metal and a Pt:Ru atomic ratio of 1:1 and
Vulcan XC-72R-supported Ir catalyst with 40 wt% metal were
also prepared in the same way and are denoted as DICP PtRu/C
and DICP Ir/C, respectively.

2.2. Catalyst characterization and evaluation

Transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-2000EX microscope operated at
100 kV. Samples for TEM measurements were prepared by
ultrasonically suspending catalyst powder in ethanol and plac-
ing a drop of the suspension to a holey amorphous carbon
film on a Cu grid. Particle size distributions for the catalysts
were obtained by manually measuring 200 particles from the
bright-field micrographs. The mean particle diameter dm was
calculated by the following formula [37]:

dm =
∑

i

nidi

/∑
i

ni,

where ni is the number of particles with diameter di .
Inductively coupled plasma–atomic emission spectroscopy

(ICP-AES) analyses of the DICP PtRuIr/C and DICP PtRu/C
catalysts were conducted to determine bulk contents of the met-
als. Energy-dispersive spectroscopy (EDS) analyses were per-
formed with a JSM-5600LV analyzer working at accelerating
voltage of 200 kV.

X-ray diffraction (XRD) scans were conducted on a PAN-
alytical powder diffractometer (Philips X’Pert PRO) using Ni-
filtered Cu-Kα radiation (λ = 1.54056 Å). The angle extended
from 20◦ to 95◦ and varied with a step size of 0.017◦, accu-
mulating data for 8.255 s per step. The (220) peaks of Pt fcc
reflection patterns were fitted to Gaussian line shapes on a linear
background. Scherrer’s formula and Bragg’s equation [13,34]
were then applied to obtain the average particle sizes and lat-
tice parameters, respectively.

XPS spectra were obtained using a VG ESCALAB MK2
spectrometer equipped with Al-Kα source (1486.6 eV, 12.5 kV,
250 W). The base pressure of the system was 2 × 10−8 Pa, and
the measurements were carried out at 2 × 10−7–1 × 10−6 Pa.
For each catalyst, a survey spectrum was collected before high-
resolution spectra were recorded. Deconvolutions of the XPS
spectra were carried out using software XPS Peak 4.1. Relative
concentrations of the surface species are equal to the corre-
sponding deconvoluted peak areas divided by the total XPS
signal area extracted from the experimental XPS core level re-
gions of either Pt4f, Ru3p, or Ir4f.

An EG & G potentiostat/galvanostat model 263A (Princeton
Applied Research) and a conventional three-electrode system
were used to conduct CO stripping voltammetry experiments on
the DICP PtRuIr/C, DICP PtRu/C, DCIP Ir/C, and the commer-
cially available E-TEK 40 wt% PtRu/C (identified as E-TEK
PtRu/C) catalysts at 25 ◦C in 0.5 M H2SO4. The working elec-
trode was prepared as follows: 5 mg of catalyst was mixed with
1 ml of ethanol and 50 µl of 5.4% Nafion solution (Aldrich).
The mixture was sonicated for 30 min to obtain an ink-like
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slurry. Then 25 µl of the slurry was applied to the surface of
the vitreous carbon electrode to form a thin layer about ca.
0.196 cm2 in geometric area. A saturated calomel electrode
(SCE), which has a potential of 0.242 V versus the reversible
hydrogen electrode (RHE) and a large surface area platinum
foil, were used as the reference electrode (separated by an elec-
trolyte bridge) and the counter electrode, respectively. Before
each measurement, the solution was purged with high-purity
nitrogen for 30 min. Pure CO was then bubbled for 30 min
with the potential held at −0.224 versus SCE to allow com-
plete adsorption of CO onto the active catalytic sites. This
CO adsorption potential is typical for application in a PEM
fuel cell [21]. After each adsorption, CO remained in the solu-
tion was removed by bubbling high-purity nitrogen for 30 min.
Two cyclic voltammetries were collected between −0.242 and
0.96 V versus SCE with a scan rate of 20 mV/s. The first po-
tential sweep was conducted to electro-oxidize the irreversibly
adsorbed CO and the second sweep to verify the complete ox-
idation of the adsorbed species. All potentials throughout this
paper were referred to SCE. The amount of COads was esti-
mated by integration of the COads stripping peak, corrected
for the electric double-layer capacitance. The electrochemically
active surfaces of the catalysts were obtained as described pre-
viously [9] assuming a monolayer of linearly adsorbed CO and
the charge density required for oxidation as 0.42 mC/cm2.

The catalytic activity for HOR in the presence of 100 ppm
CO of DICP PtRuIr/C and DICP PtRu/C were evaluated as
the single PEM fuel cell anode catalysts and compared with
that for the E-TEK PtRu/C catalyst. For all three anodes, the
catalyst powder (metal + carbon support) was maintained at
∼1 mg/cm2 to ensure the same thickness, and hence the same
electric resistance, of the catalyst layers. The anode metal
loadings were kept at ca. 0.4 mg/cm2. In all cases, the cath-
odes adopted the commercial 50 wt% Pt/C catalyst (Johnson
Matthey) with platinum loading of 0.37 mg/cm2, with Nafion
112 (H+ form, Du Pont) used as the membrane. Fabrication of
the electrodes and membrane electrode assemblies (MEAs) fol-
lowed the process reported by Ticianelli et al. [17]. The MEAs
had an active area of 5 cm2. In all cases, oxygen instead of air
was used as the oxidant to minimize polarization at the cath-
ode, thus making the difference of the anode catalysts more
apparent. The fuel gas (100 ppm CO/H2) and oxygen were hu-
midified at temperatures of 90 and 85 ◦C, respectively, before
feeding into the cells. The cells were operated at 80 ◦C and
0.2 MPa. The inlet and outlet gases of the anodes of the fuel
cells were analyzed by gas chromatography (Shimadzu, GC-
14A, FID), and mass balance calculation was carried out to
determine the conversion of carbon monoxide in the hydrogen-
rich stream to carbon dioxide.

3. Results and discussion

It is well known that metal particle morphology, parti-
cle size, and size distribution strongly affect catalyst proper-
ties [34]. With this in mind, we first carried out TEM exam-
ination on the as-prepared DICP PtRuIr/C and DICP PtRu/C
catalysts to study the effect of including Ir in the PtRu system
on particle size and size distribution. The typical bright-field
TEM images of the DICP PtRuIr/C and DICP PtRu/C cata-
lysts are shown in Figs. 1a and 1b, respectively. It can be seen
that the spherical metal particles of the two catalysts are uni-
formly dispersed on the carbon supports, with some aggregates
observed in DICP PtRu/C. Figs. 2a and 2b show the histograms
of the particle size distributions. The particle size for the DICP
PtRuIr/C catalyst ranges between 1 and 5 nm, with a mean di-

Fig. 1. Bright-field TEM images of (a) DICP PtRuIr/C and (b) DICP PtRu/C
catalysts.
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ameter dm of 2.9 nm. For the DICP PtRu/C catalyst, the mean
particle diameter is 3.2 nm and the size distribution is 1–7 nm.
The small particle size and the homogeneous size distribution
of both catalysts are ascribed to the rapid reduction of the metal
salts and easy nucleation of the metal particles in ethylene gly-
col facilitated by microwave irradiation [32,34,36,38]. The in-
creased dispersion of the DICP PtRuIr/C catalyst with respect
to that of the DICP PtRu/C catalyst may be attributed to the
enhanced agglomeration resistance associated with iridium ox-
ides [39].

Most researchers now agree that PtRu nanoparticles with an
average diameter of 2–4 nm exhibit the best electrocatalytic ac-
tivity for application in PEM fuel cells [33,38,40]. Although it
is not yet clear whether this size range is also an optimum value
for the ternary PtRuIr nanocomposite, it is apparent that the
addition of iridium has a rather small effect on particle shape,
particle size, and size distribution.

Fig. 2. Histograms of metal particles diameters for (a) DICP PtRuIr/C and
(b) DICP PtRu/C catalysts.

Table 1
Metal content in DICP PtRuIr/C, DICP PtRu/C and DICP Ir/C catalysts

Catalyst
sample

Metal nominal
contenta (wt%)

Metal actual
contentb (wt%)

Pt Ru Ir Pt Ru Ir

DICP PtRuIr/C 15.98 8.28 15.74 13.54 5.13 14.24
DICP PtRu/C 26.3 13.7 – 24.02 10.41 –
DICP Ir/C – – 40 – – 37.4

a As calculated from metal content of 40 wt% and atomic ratio of 1:1:1 for
Pt:Ru:Ir or of 1:1 for Pt:Ru.

b As determined from ICP-AES analyses.
ICP-AES was conducted to determine the bulk metal con-
tent in the DICP PtRuIr/C and DICP PtRu/C catalysts. The
results, presented in Table 1, show that the content of Pt and/or
Ir in both catalysts is relatively close to their nominal values;
however, Ru content is comparatively lower than their nominal
values. Two factors may be responsible for the low Ru content
in the two samples. Incineration treatment of the samples before
the elemental analysis is performed may result in loss of volatile
ruthenium oxides. Moreover, the relatively weaker interaction
of Ru3+ compared with those for PtCl62− and IrCl62−, with
the surface groups of the support could contribute to less ad-
sorption of Ru3+ on the support and thus the low Ru content
[11]. The Pt:Ru:Ir and Pt:Ru atomic ratios, as calculated from
the measured contents, are 1.37:1:1.46 and 1.2:1, respectively.

The on-particle EDS analysis was used to monitor the com-
positional homogeneity of individual particles. It should be
noted that variation of the composition for the individual par-
ticles is relatively small. The Pt:Ru:Ir and Pt:Ru atomic ratios
measured by EDS turn out to be 1.07:1:1.23, and 1.13:1, re-
spectively, which are in good agreement with the bulk values.

XRD analyses were performed to obtain structural informa-
tion of the catalysts. Fig. 3 shows the XRD patterns of the DICP
PtRuIr/C and DICP PtRu/C catalysts. As it is shown in the
figure, both of the nanocomposites exhibit only characteristic
diffraction peaks (marked in the figure) of the fcc platinum [13,
16,33]. No diffraction peaks, which would be attributed to pure
ruthenium and iridium or their oxides/hydroxides, appear in
the XRD patterns. The diffraction peaks of the DICP PtRuIr/C
catalyst are found to shift positively with respect to those of
the DICP PtRu/C analogue. The average crystallite sizes for
the DICP PtRu/C and DICP PtRuIr/C catalysts, calculated by
Scherrer’s formula [13,34], are 3.0 and 3.3 nm, respectively,
which are very close to those obtained by TEM. Bragg’s equa-
tion [13] is used to obtain the lattice parameters of 3.834 Å for
the DICP PtRuIr/C catalyst and 3.886 Å for the DICP PtRu/C
catalyst. A comparison with the values of 3.916 Å for carbon-
supported platinum and 3.860 Å for bulk PtRu alloy may sup-
port the idea that the metals form alloy [3,13]. However, for
the moment, we would be cautious in drawing the conclusion
of alloy formation in our ternary PtRuIr/C catalyst, because ac-
cording to our experience, the small size and the support may
cause distortion of the lattice planes, and obtaining direct proof

Fig. 3. Powder XRD patterns of DICP PtRuIr/C and DICP PtRu/C catalysts.
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Fig. 4. (a) CO-stripping voltammograms of DICP PtRuIr/C, DICP PtRu/C and
E-TEK PtRu/C catalysts in 0.5 M H2SO4 at 25 ◦C. (b) Voltammetry behavior
of DICP PtRuIr/C and DICP PtRu/C catalysts at low potential region. Scanning
rate: 20 mV/s.

is very difficult for alloy formation even in binary catalysts.
More intensive studies are needed to attain reliable conclu-
sion. Some techniques, such as X-ray spectroscopy (XAS) and
temperature-programmed reduction (TPR)/microcalorimetry of
adsorbed CO, may be useful for this investigation [41,42].

CO stripping voltammetry is commonly used to test the ac-
tivity of a catalyst for electrochemically oxidizing adsorbed CO
on the catalyst. Fig. 4a shows the CO stripping voltammograms
of the DICP PtRuIr/C, DICP PtRu/C, and E-TEK PtRu/C cat-
alysts in 0.5 M H2SO4 at 25 ◦C after full adsorption of CO
and subsequent purging of the solution with high-purity N2.
The figure also shows the second sweeping voltammograms.
It should be noted that, due to the different microstructures and
macrostructures of various electrocatalysts related to the dif-
ferent compositions and the synthesis routes, the current in the
cyclic voltammetry measurements is usually normalized by the
metal loadings (viz., mA/mgmetal) to compare the catalytic ac-
tivity of the different electrocatalysts [9]. Therefore, all of the
currents in our CO stripping voltammetry measurements are
normalized per milligram of total metal.

It can be seen in Fig. 4a that adsorbed CO has been ox-
idized completely in a single scan, and no CO oxidation is
monitored during the second scan for all three catalysts. The
peak potential for COads electro-oxidation on DICP PtRuIr/C,
E-TEK PtRu/C, and DICP PtRu/C are 0.25, 0.31, and 0.45 V
versus SCE, respectively, indicating that addition of Ir in the
PtRu system leads to an enhanced activity for COads oxida-
tion, even higher than that for the commercial PtRu/C catalyst.
Fig. 4b reveals the voltammetry behavior of DICP PtRuIr/C and
DICP PtRu/C catalysts at low potential region, showing that the
DICP PtRuIr/C catalyst exhibits a hydrogen oxidation peak in
the hydride region (−0.192 → −0.158 V vs. SCE) compared
with DICP PtRu/C [38]. This is the result of hydrogen electro-
oxidation via transient holes in the CO adlayer on metal active
sites of DICP PtRuIr/C, implying the different surface struc-
tures of the two catalysts [43].

Although normalization of the current by the metal loadings
facilitates the comparison of the different catalysts and can rep-
resent the economic efficiency of the catalysts, the mass-current
density does not take into account the number of surface active
metal sites [9]. Usually, the electrochemically active surface
(EAS) is used to reflect the intrinsic electrocatalytic activity,
(i.e., the number of the active surface metal sites) of a cat-
alyst [9]. The EAS of DICP PtRuIr/C, E-TEK PtRu/C, and
DICP PtRu/C, calculated from the area of the corresponding
electrocatalytic oxidation peak for COads are 64.3, 49.2, and
30.6 m2/g metal, respectively. These results further reveal that
DICP PtRuIr/C has very high COads electro-oxidation activity.
It is interesting to note that DICP PtRuIr/C has not only a much
lower peak potential for COads oxidation, but also a higher EAS
compared with those for DICP PtRu/C catalyst. Generally, the
particle size can affect the EAS of an electrocatalyst [9]. As
demonstrated by TEM and XRD, however, the particle size and
size distribution of the DICP PtRuIr/C and DICP PtRu/C cat-
alysts are close. Although smaller particles of DICP PtRuIr/C
catalyst can contribute to some extent to more active metal sites
for COads electro-oxidation, we believe that such a small differ-
ence in particle size of the two catalysts should not produce a
significant difference in the number of active sites.

Herein we suggest that this may be rationalized by recogniz-
ing two possibilities. One of these is that iridium may adsorb
CO or that addition of, say, Ir in the PtRu system may increase
the active metal sites for CO adsorption and electro-oxidation.
Bearing this in mind, we prepared 40% Ir/C in the same way
as for the DICP PtRuIr/C and DICP PtRu/C catalysts. The Ir
content of the DICP Ir/C catalyst is given in Table 1. Figs. 5a
and 5b show the TEM image and the histogram of the parti-
cle size distributions of DICP Ir/C catalyst, respectively. As it
is shown in Fig. 5, the metal particles are uniformly dispersed
on the support. The mean particle diameter is 3.0 nm and the
size ranges between 1 and 7 nm, which are close to those of the
DICP PtRuIr/C and the DICP PtRu/C catalysts. Fig. 6 shows
the CO stripping voltammogram of DICP Ir/C catalyst. As can
be seen in Fig. 6, the peak potential of COads electro-oxidation
for DICP Ir/C catalyst is 0.66 V versus SCE, which is 410 mV
higher than that for DICP PtRuIr/C and 210 mV higher than that
for DICP PtRu/C. Integration of the COads stripping peak gives
a 40.4 m2/g metal of EAS. The EAS for the DICP PtRuIr/C
catalyst approximates to the summation of the values of DICP
PtRu/C and DICP Ir/C catalysts. This may support the above-
mentioned supposition that inclusion of Ir in the PtRu system
could increase the active metal sites for CO adsorption and
electro-oxidation. The much lower peak potential for CO ox-
idation on DICP PtRuIr/C with respect to DICP PtRu/C and
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Fig. 5. (a) Bright-field TEM image and (b) the histogram of metal particles
diameters of DICP Ir/C catalyst.

DICP Ir/C is attributed to the interaction between the species
on the catalyst surface (vide infra). Moreover, the low EAS of
the DICP PtRu/C catalyst may also arise from the formation of
an improper alloy [9].

It is surprising that DICP PtRu/C catalyst, although prepared
by the same way as that for DICP PtRuIr/C catalyst, exhibits
much lower activity for COads electro-oxidation. This could be
presumably ascribed to its surface structure associated with the
nonoptimum synthesis conditions [9,13,41].

Fig. 7 shows the polarization curves with all of the current
densities normalized per cm2 of active area of the MEAs. As in-
dicated in Fig. 7, the DICP PtRuIr/C catalyst outperforms both
the DICP PtRu/C catalyst and the E-TEK PtRu/C catalyst at all
recorded current densities. For example, at a current density of
100 mA/cm2, the voltage for DICP PtRuIr/C is 0.864 V, which
is 50 mV higher that for DICP PtRu/C and 35 mV higher than
that for E-TEK PtRu/C. The performance results of the cata-
lysts in the single cells are in good agreement with those in CO
stripping voltammetry measurements.
Fig. 6. CO-stripping voltammogram of DICP Ir/C catalyst in 0.5 M H2SO4 at
25 ◦C. Scanning rate: 20 mV/s.

Fig. 7. PEM fuel cell polarization curves comparing DICP PtRuIr/C and DICP
PtRu/C as the anode catalysts with the commercial E-TEK 40 wt% PtRu/C
catalyst. Anode catalyst powder loading: 1 mg/cm2. Cathode: the commercial
Johnson Matthey 50 wt% Pt/C catalyst with platinum loading of 0.37 mg/cm2.
Cell temperature: 80 ◦C. Fuel gas: 100 ppm CO/H2 (0.2 MPa), oxidant: O2
(0.2 MPa). The fuel gas and the oxidant are humidified at 90 and 85 ◦C, respec-
tively, before feeding into the cell. The MEAs have an active area of 5 cm2.

Analyses of inlet and outlet anode gases of the cells were
carried out by means of gas chromatography. Mass balance
calculations showed that ca. 70, 46, and 55% of carbon monox-
ide were converted to carbon dioxide for the DICP PtRuIr/C,
DICP PtRu/C and E-TEK PtRu/C catalysts, respectively, at
100 mA/cm2, indicating that the promoted mechanism occurs
on these catalysts. The trend of the analyses appears to be the
same as those in the CO stripping voltammetry measurements
and in the single-cell tests.

To shed more light on the nature of excellent CO-tolerant
performance of our DICP PtRuIr/C nanocomposite (i.e., to un-
derstand the factors causing the enhancement in COads electro-
oxidation activity), we performed XPS analyses of DICP
PtRuIr/C and DICP PtRu/C catalysts to determine the oxida-
tion states of the metals on the catalyst surface. It should be
noted that the particle size of the two catalysts (∼3 nm) is in
the range of XPS scrutiny [17,23]. Because the Ru3d region
overlays with the C1s region, the less-intense Ru3p region was
thus analyzed. The deconvolution of the Pt4f core-level region
was carried out by referring to the literature sources [9,14,16,
22–24,27,34,44], while the Ru3p and Ir4f regions are deconvo-
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Fig. 8. XPS core level spectra for Pt4f (a), Ru3p3/2 (b) and Ir 4f (c) photoemis-
sion from DICP PtRuIr/C catalyst.

luted according to [9,10,14,16,23,24,27,44] and [27,38,44,45],
respectively.

Figs. 8a–8c show the XPS spectra for Pt4f, Ru3p3/2, and
Ir4f core-level regions of the DICP PtRuIr/C catalyst. Decon-
volution of the Pt4f region shows the presence of three pairs
of doublets. The most intense doublet with binding energies of
71.3 eV (Pt4f7/2) and 74.5 eV (Pt4f5/2) was attributed to metal-
lic Pt. Peaks at 72.2 and 75.6 eV could be assigned to Pt2+ as
in either PtO or Pt(OH)2. The third doublet found at 74.5 and
77.3 eV appears to be Pt4+, possibly as PtO2; 64.6% of the
platinum exists as metallic Pt, 20.3% exists as PtO or Pt(OH)2,
and 15.1% exists as PtO2. The Ru3p3/2 spectrum was deconvo-
luted into two peaks at 461.2 and 462.5 eV, which correspond
to metallic Ru and RuO2; 70.3% of the Ru exists as metallic
Ru, and 29.7% exists as RuO2. The most intense Ir4f peak of
Fig. 9. XPS core level spectra for Pt 4f (a) and Ru3p3/2 (b) photoemission from
DICP PtRu/C catalyst.

the DICP PtRuIr/C catalyst lies near the Pt4f satellites. After
these satellites were removed, a resolved signal was discerned.
Deconvolution of the signal showed the presence of two dou-
blets. Comparison of the observed binding energies with those
reported in the literature suggests that the two species are metal-
lic Ir and IrO2. The deconvolution results suggest that 89% of
the iridium is present as the metal state and 11% is present as
the oxidized state.

Figs. 9a–9b show the XPS spectra for Pt4f and Ru3p3/2 re-
gions of the DICP PtRu/C catalyst. Like those for the DICP
PtRuIr/C catalyst, here the Pt4f signal is also deconvoluted into
three pairs of doublets attributed to metallic Pt, Pt2+, and PtO2.
Platinum in the DICP PtRu/C catalyst is also predominantly in
the metallic state (69.8%). The PtO [or Pt(OH)2] and PtO2 ac-
count for 15.7 and 15.5%, respectively. The Ru3p3/2 spectrum
consists of 84.6% metallic Ru and 15.4% RuO2.

It is noteworthy that no chloride was detected by XPS for
the two catalysts. This finding indicates the complete removal
of this detrimental species.

Up to now, we have compared the as-prepared DICP
PtRuIr/C and DICP PtRu/C catalysts in terms of metal particle
morphology, particle size, size distribution, compositional ho-
mogeneity, phase information and surface metal oxidation state,
and other factors. It appears that the enhanced performance of
the DICP PtRuIr/C catalyst should be ascribed mainly to the
iridium additives.

Previous studies have established that the IrO2 has good
electronic conductivity and high electrocatalytic activity toward
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oxygen evolution in acid medium [27–30]. Our gas chromatog-
raphy analysis has shown that much more carbon monoxide is
oxidized on the DICP PtRuIr/C catalyst than on the two PtRu/C
analogues (vide ante). Therefore, we believe that iridium ad-
ditives, at least IrO2, serve as cocatalysts for electro-oxidation
of CO chemisorbed on Pt, hence releasing more active Pt sites
for HOR. Contribution of metallic Ir to COads electro-oxidation
should not be ruled out for the moment, and more intensive in-
vestigation is needed.

As mentioned above, the particle sizes of both the DICP
PtRuIr/C and DICP PtRu/C catalysts are within the range of
XPS scrutiny. Based on the relative concentrations of the sur-
face species and the bulk content of the metals (see Table 1) in
the two as-prepared catalysts, RuO2 accounts for ca. 1.5% in
DICP PtRuIr/C and 1.6% in DICP PtRu/C. It is interesting that
although RuO2 has a higher activity for the oxygen evolution
reaction than IrO2 [29] and the RuO2 content is slightly higher
in the DICP PtRu/C catalyst, it has a much lower activity for
COads electro-oxidation than that of the DICP PtRuIr/C cata-
lyst, as indicated by CO stripping voltammetry and single-cell
measurements. The RuO2–IrO2 interaction may play a benefi-
cial role and facilitate elimination of COads from the active Pt
sites. Gasteiger et al. [15] demonstrated the ability of Ru surface
atoms to provide nucleation sites for oxygen-containing species
(e.g., hydroxyl group) at lower potentials than that for Pt. Kötz
and Stucki [29] reported a higher affinity of oxygen for Ru than
that for Ir.

We suggest that the excellent performance of our DICP
PtRuIr/C catalyst can be attributed to the facile electro-oxida-
tion of COads promoted by iridium additives. It is supposed that
in our PtRuIr system, RuO2–IrO2 interaction promotes the for-
mation of hydroxyl species by dissociating water at a lower
potential with respect to the PtRu system. Moreover, this in-
teraction could also weaken the bonding between the hydroxyl
species and the catalyst surface as compared with the bond-
ing on PtRu nanoparticles. The more weakly adsorbed hydroxyl
species further promotes electro-oxidation of COads on the ac-
tive metal sites at a lower potential, thus improving the perfor-
mance. Although this mechanism appears to be rather specula-
tive, it may be of relevance in explaining the excellent catalytic
activity of our PtRuIr/C catalyst for HOR in the presence of
carbon monoxide.

It has been established that the stability of RuO2 in acid
media is significantly improved by admixture of IrO2 [29,30].
Thus, the inclusion of Ir in the PtRu system may be advanta-
geous to the long-term stability of PEM fuel cells. However,
because the issue of electrocatalyst stability is critical and com-
plicated [24], more intensive investigation is warranted.

It should be noted that alloying with some other metals can
make platinum less reactive to carbon monoxide [3,6]; that is,
the Pt–COads bond is weakened or COads coverage is reduced
[42], as postulated by the intrinsic mechanism (vide ante). The
weakened Pt–COads bond can also contribute to the facilitation
of COads oxidation. This may occur in our DICP PtRuIr/C cat-
alyst. However, as discussed in XRD section, the formation of
ternary alloy for the DICP PtRuIr/C catalyst is far from con-
clusive at this stage; whether there is an intrinsic mechanism in
this catalyst merits detailed investigation.

4. Conclusion

In summary, a carbon-supported PtRuIr catalyst was syn-
thesized via the MIPA strategy. The PtRuIr/C catalyst dis-
played greatly enhanced activity for COads electro-oxidation,
even higher than that of the commercial E-TEK PtRu/C cat-
alyst. Characterizations showed that the superior performance
of the PtRuIr/C catalyst should result from the iridium addi-
tives, particularly IrO2. A speculative mechanism associated
with the excellent performance of PtRuIr/C is proposed. It is
supposed that the superior activity for COads electro-oxidation
of the catalyst should be attributed mainly to the interaction be-
tween RuO2 and IrO2. We believe that the excellent electrocat-
alytic activity of our carbon-supported PtRuIr nanocomposite
for HOR in the presence of CO is encouraging for the research
and development of PEM fuel cells. Further refinement of the
preparative conditions will hopefully afford even better catalyst
performance.
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