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a b s t r a c t

Ru-promoted Pt/C catalysts with different Ru/Pt ratios are prepared by selective chemical vapour depo-
sition (CVD) of Ru onto a Pt surface. The optimum PtRu/C (Ru/Pt = 0.44) catalyst prepared using a CVD
method shows improved performance as an anode for a polymer electrolyte membrane fuel cell in the
presence of CO, as compared with a commercial PtRu/C (Ru/Pt = 1) catalyst and a PtRu/C (Ru/Pt = 1) cat-
alyst prepared using a conventional impregnation (IMP) method. This observation is confirmed by the
eywords:
olymer electrolyte membrane fuel cell
hemical vapour deposition
latinum–ruthenium alloy
arbon monoxide tolerance
lectrocatalyst
node

results of half-cell and single-cell tests. The CVD catalyst shows an improved CO tolerance because Ru
is preferentially deposited as nano-scale particles on the Pt surface and, consequently, the number of Pt
particles that are in close contact with the added Ru is greater in the CVD catalyst. An increase in the
interfacial area between the Ru and the Pt facilitates the transfer of the oxygen-containing species to
the CO-poisoned Pt surface such that the oxidation of CO is promoted. The Pt surface is also modified
electronically due to an interaction with the added Ru, which is stronger in the CVD catalyst than in the
IMP catalyst, as demonstrated by X-ray photoelectron analysis.
. Introduction

The fuel cell is widely recognized as an attractive device for
btaining electrical energy directly from chemicals. In particular,
olymer electrolyte membrane fuel cells (PEMFCs) attracted atten-
ion due to the advantages of zero emission, rapid cell start-up and
igh specific power at low temperatures, generally at 60–100 ◦C
1–3]. For the successful commercialization of PEMFCs, however,
ome problems have to be resolved: most critically, carbon monox-
de (CO) poisoning of the anode catalyst [4,5]. Even a small amount
f CO in the fuel hydrogen will poison the Pt active sites and even-
ually degrade anode performance [6,7].

To solve this problem, researchers have studied bimetallic cat-
lysts prepared by adding metals such as Ru, Rh, Sn, W and Mo
o pure Pt [8–13]. Among the many Pt-based anodic catalysts thus
ar examined, the PtRu alloy catalyst has been the subject of most

nvestigation, and the PtRu(Ru/Pt = 1)/C catalyst, in particular, has
hown the highest CO tolerance.

Antolini and Cardellini [14] reported that the thermal treat-
ent of PtRu/C in argon, which was prepared by a conventional

mpregnation (IMP) method, promoted the formation of an alloy

∗ Corresponding author. Tel.: +82 2 880 7409; fax: +82 2 875 6697.
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in the catalyst, and that the Ru content of the alloy increased
with increase in the treatment temperature due to the diffusion-
controlled incorporation of Ru atoms into the Pt lattice. When,
however, the PtRu/C catalyst was annealed at temperatures greater
than a certain level, typically 700 ◦C, the enhanced interaction
between the metal, Ru or Pt, and the support hindered the for-
mation of the PtRu alloy. Consequently, only a limited fraction of
the Ru (∼49%) alloyed with Pt. Furthermore, the high-temperature
treatment caused sintering of the metal particles in the catalyst,
thus reducing the metal surface area and, eventually, the catalyst
activity.

As a possible solution to the above problem, Ru is added to a
Pt/C catalyst in this study by means of a chemical vapour depo-
sition (CVD) method, such that Ru is selectively deposited on the
Pt surface instead of the carbon support. In this way, the added
Ru is expected to interact more intimately with Pt and, conse-
quently, the temperature required for the Pt–Ru alloy formation
will be lowered from that required in the case of the IMP method
[15,16].

The CO tolerance of the catalysts prepared by the CVD method
is compared with catalysts prepared by the IMP method and with

a commercial PtRu(Ru/Pt = 1)/C catalyst [17]. The performance of
different catalysts is discussed based on the results of characteriza-
tion studies with high-resolution transmission electron microscopy
(HR-TEM), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS).

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shmoon@surf.snu.ac.kr
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. Experimental

.1. Preparation of PtRu/C catalysts

Prior to CVD experiments, a commercial 20 wt.% Pt/C catalyst (E-
EK Co.) was pre-reduced in a stream containing H2 and N2 at a ratio
f 1:1 at 100 ◦C for 1 h. Then, the vapour of ruthenocene (ruthenium
yclopentadienyl, Aldrich), which was obtained by flowing nitrogen
nto a vessel holding the precursor at 170 ◦C, was introduced into a
eactor containing the pre-reduced Pt/C catalyst, also maintained at
70 ◦C, together with hydrogen flowing at the same rate as nitrogen
or 1 h. A reactor temperature of 170 ◦C was chosen for the CVD
rocess because the results of separate thermogravimetric analysis
TGA) indicated that the Ru precursor vapourized slowly at 120 ◦C
nd rapidly at 220 ◦C.

After the Pt/C catalyst was treated in the CVD process, the par-
ially decomposed ruthenocene, which remained on the catalyst,
as eliminated from the surface by heating the catalyst at 220 ◦C

n flowing hydrogen for 0.5 h. The catalyst was finally treated at
ifferent temperatures in flowing nitrogen for 0.5 h to allow the
ormation of a PtRu alloy. Meanwhile, the stream of the reactor
as analyzed by FT-IR (Jasco, FT/IR-300E) during the above treat-
ents. The Ru content of the final catalyst, which was controlled by

he amount of Ru precursor introduced into the reactor, was mea-
ured by inductively coupled plasma–Auger electron spectroscopy
ICP–AES: Shimadzu, ICPS-1000IV). The catalyst prepared by the
bove CVD procedure is designated as Pt–xRu(C)y, where x and y
ndicate the Ru/Pt atomic ratio and the final treatment tempera-
ure (in units of ◦C), respectively. For the purpose of comparison,
PtRu(Ru/Pt = 1)/C catalyst was prepared by impregnating a com-
ercial 20 wt.% Pt/C catalyst with RuCl3·H2O (Aldrich), followed by

eduction in hydrogen at 350 ◦C for 2.5 h. The catalyst is designated
s Pt–1.0Ru(I)y in the same manner as the CVD catalyst.

.2. Activity test

Electrodes for the CO-stripping measurements were prepared
ccording to the method of Schmidt et al. [18]. An aqueous sus-
ension of a sample catalyst, either a prepared PtRu catalyst or a
ommercial Pt–1.0Ru(E-TEK) catalyst, was prepared by dispersing
he catalyst ultrasonically in pure water such that the suspension
ontained Pt at a level of 2 mgmetal ml−1. The metal loading of the
ommercial catalyst was 20 wt.%, which included the amount of
oth Pt and Ru. Then, a 20 �l aliquot of the suspension was pipetted
n to the glassy carbon substrate (6 mm dia., 0.283 cm2), yielding
metal loading of ∼7 mgmetal cm−2. After the evaporation of the
ater droplets, 20 �l of a diluted Nafion solution (5 wt.%, Aldrich)
as applied to the dried catalyst powder, and the solution was air-
ried at room temperature. Finally, the electrode was immersed in
eaerated 0.5 M H2SO4 electrolyte. Potentials were measured with
espect to an Ag/AgCl reference electrode, but all potentials were
eferred to the standard hydrogen electrode scale (SHE). As the
afion solution contained small amounts of contaminants, the elec-

rode potential, which was controlled with a potentiostat (EG&G,
263), was applied in cycles between 0 and 650 mV to obtain clean

lectrode surfaces. For the CO-stripping measurements, the elec-
rode potential was fixed at 0.1 V in CO-saturated electrolyte for
0 min and the potential scan, at a scan rate of 10 mV s−1, was begun
fter CO had been completely purged from the electrolyte.

The single-cell performances of the prepared PtRu/C catalysts
nd the commercial catalyst were tested at 70 ◦C in a H2/O2 system

t several CO concentrations. The membrane-electrode assemblies
MEAs) used Nafion 212 (Dupont) as a polymer electrolyte. Either
repared PtRu/C catalysts or a commercial 20 wt.% PtRu/C with a
u/Pt ratio of 1 was used as an anode and a commercial 40 wt.%
t/C(E-TEK) was used as a cathode for single-cell tests. The cata-
Fig. 1. FT-IR spectrum of gas stream at exit of reactor containing (1) carbon or (2)
Pt/C, or from (3) blank reactor. Feed = ruthenocene; temp. = 170 ◦C.

lyst loading in the anode and the cathode was 0.25 mgPt cm−2 and
0.3 mgPt cm−2, respectively. The single-cell with an active area of
5 cm2 was fed with 200 ml min−1 of H2, either pure or containing
CO at various concentrations, at the anode and with 200 ml min−1

of pure O2 at the cathode.

2.3. Characterization of catalysts

High-resolution transmission electron microscopy (HR-TEM:
JEOL JEM-3010) and energy-dispersive X-ray spectroscopy (EDX:
Oxford, QX-2000) attached to the HR-TEM were used to confirm
the selective deposition of Ru on the Pt surface.

The degree of Pt–Ru alloy formation was estimated by X-ray
diffraction (XRD: Rigaku, 12kw-XRD) using Cu K� (� = 1.5405 Å)
analysis. The XRD peaks were assigned based on the database of
the Joint Committee on Powder Diffraction Standards (JCPDS), and
the lattice parameter was determined for Pt(2 2 0).

The binding energies of Pt 4f electrons were obtained from X-ray
photoelectron spectra (XPS: Sigma Probe, ThermoVG, UK), mea-
sured using an Mg X-ray (1486.6 eV) source, and were calibrated
with C 1s (284.5 eV).

3. Results and discussion
3.1. Selective deposition of Ru on Pt

Fig. 1 shows the FT-IR spectra of the reactor exit streams, which
were obtained after ruthenocene vapour had been introduced into
a reactor containing either (1) carbon or (2) the pre-reduced Pt/C
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nd after the reactor had been subsequently flushed with an H2–N2
ixture. The spectrum of a stream from a blank reactor, (3) was also

btained for comparison. The spectrum obtained from a reactor
ontaining the carbon support, (1) is the same as that from a blank
eactor, (3) except for a slight decrease in the overall peak inten-
ity. The observation of a ring-tilt peak at ca. 450 cm−1, representing
he bond between Ru and the cyclopentadienyl ligand, for (1) indi-
ates that ruthenocene is not decomposed on the carbon. On the
ther hand, when the reactor contained the pre-reduced Pt/C, (2)
he intensity of the ring-tilt peak is decreased significantly and new
eaks appear at about 1300 cm−1 and 3000 cm−1, which indicates
hat ruthenocene is decomposed due to the reaction between the
yclopentadienyl ligand and hydrogen adsorbed on the Pt surface
19,20].

To examine further the selective deposition of Ru on the Pt sur-
ace instead of on the carbon, the line profile of Pt–0.44Ru(C)600
as analyzed by EDX attached to HR-TEM (Fig. 2). The reason why

he catalyst was treated at 600 ◦C is explained later in Section 3.2.
ine (a) in Fig. 2 indicates the position of the sample that was ana-
yzed by EDX, and the peaks of red and sky-blue colours represent
he detected Pt and Ru, respectively (For interpretation of the ref-
rences to colour in this sentence, the reader is referred to the

eb version of the article.). It is apparent from the results that the
ajority of the Ru species are in close proximity to the Pt particles.
Table 1 lists the Ru/Pt atomic ratios estimated from the EDX

nalyses of particles that were randomly selected on the surfaces
f two sample catalysts (Fig. 3). Although the data are scattered

Fig. 3. Point analysis of PtRu catalysts. (a and b) P
Fig. 2. Line profile results of Pt–0.44Ru(C)600 analyzed by EDX attached to HR-TEM.

due to errors involved in the analyses, the scattering is greater for
Pt–1.0Ru(I)600 than for Pt–0.44Ru(C)600. In the case of the for-

mer catalyst, the Ru is nearly undetectable in particles (1) and
(2) (Fig. 3(a)), but the amount detected in particle (3) is 30 times
greater than that in particle (4) (Fig. 3(b)). In addition, the average
Ru/Pt ratio obtained from the above data significantly deviates from

t–1.0Ru(I)600; (c and d) Pt–0.44Ru(C)600.
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Table 1
Ru:Pt atomic ratios calculated by ICP–AES and EDX analysis.

Pt–1.0Ru(I)600 Pt–0.44Ru(C)600

ICP–AES EDX ICP–AES EDX

Point (1) 0.1 Point (1) 0.52
Point (2) 0.0 Point (2) 0.42
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constant in the presence of Ru that corresponds to the formation of
a PtRu alloy [11]. Antolini and Cardellini [14] reported that PtRu/C
catalysts prepared by the IMP method began to form a Pt–Ru alloy
when they were treated at 300 ◦C in Ar. In the present study, the
alloy was formed at a lower temperature, 220 ◦C, which suggests
1.0 0.44Point (3) 39 Point (3) 0.71
Point (4) 1.3 Point (4) 0.13
Average 10 Average 0.45

he value estimated by ICP–AES. On the other hand, the data from
t–0.44Ru(C)600 are scattered to smaller extents, i.e., between 0.13
nd 0.71, and the average Ru/Pt ratio is similar to the ICP–AES value.
ccordingly, it is concluded that the Ru added by CVD is preferen-

ially deposited on the Pt surface, whereas the Ru added by IMP is
andomly distributed on the catalyst surface.

.2. Conditions for an optimum catalyst

Table 2 lists two sets of Ru contents for the sample catalysts:
a) the nominal Ru/Pt atomic ratios obtained by assuming that the
uthenocene introduced into the CVD reactor is completely decom-
osed and deposited on the catalyst surface, and (b) the actual
u/Pt ratios obtained from ICP–AES analysis of the catalysts. The
ctual Ru/Pt ratios are slightly lower than the nominal ones, but
oth sets of data change in parallel. It is noteworthy that the actual
u/Pt ratios of many catalysts exceed 0.3, which is the measured
t dispersion of the Pt/C catalyst prior to Ru addition and, there-
ore, should be a limit to the Ru:Pt ratio if the deposited Ru forms
maximum monolayer on the Pt surface. Excessive deposition of
u is possible when Ru atoms are either incorporated into the

attice of the Pt particles or deposited on the Pt surface as multilay-
rs. Between the two options, the former is not likely because the
emperature of the CVD process, viz., 170 ◦C, is too low to decom-
ose completely the Ru precursor in the catalysts. This proposition

s confirmed by temperature-programmed-reduction (TPR) of the
atalyst, although the results are not shown here. Consequently, the
ormation of Pt–Ru alloys [21,22] in the catalysts is retarded due to
yclopentadienyl ligands remaining in the catalysts. On the other
and, the mulilayer deposition of Ru may well occur because hydro-
en can be dissociatively adsorbed on the surface of the deposited
u [23] such that rucenothene is additionally decomposed on the
u surface to form multilayers.

The prepared catalysts with different Ru contents were tested
or CO-stripping to determine the optimum Ru/Pt atomic ratio
equired for maximizing the effect of Ru as a promoter. Fig. 4 shows
he measured current–voltage (CV) curves and the CO oxidation
otentials obtained from the CV results. The CO oxidation potential

nitially decreases with increase in the Ru/Pt ratio, but eventually

ncreases at ratios higher than the optimum value of 0.44. This opti-

um value for the catalyst prepared by Ru-CVD is lower than ∼1.0,
hich is commonly required for maximizing the CO tolerance of

tRu/C catalysts prepared using the IMP method [24–26].

able 2
a) Nominal Ru:Pt atomic ratios and (b) Ru:Pt atomic ratios calculated using ICP–AES
esults of catalysts prepared by CVD of Ru.

Sample Ru:Pt

(a) Nominal value (b) ICP–AES

Pt–0.24Ru(C) 0.25 0.24
Pt–0.30Ru(C) 0.33 0.30
Pt–0.44Ru(C) 0.50 0.44
Pt–0.59Ru(C) 0.66 0.59
Pt–0.88Ru(C) 1.00 0.88
Fig. 4. (a) Results of CO-stripping test, and (b) CO oxidation potentials obtained
using catalysts with different Ru contents: (1) Pt–0.24Ru(C); (2) Pt–0.30Ru(C); (3)
Pt–0.44Ru(C); (4) Pt–0.59Ru(C); (5) Pt–0.88Ru(C).

In the XRD patterns of the catalysts, the peak associated with a
Pt(1 1 1) plane gradually shifts to higher angles with increase in the
Ru content (Fig. 5). These results indicate a decrease in the lattice
Fig. 5. XRD patterns of PtRu:C catalysts containing different amounts of Ru added
by CVD: (1) 20 wt.% Pt/C; (2) Pt–0.24Ru(C); (3) Pt–0.30Ru(C); (4) Pt–0.44Ru(C); (5)
Pt–0.59Ru(C); (6) Pt–0.88Ru(C).
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ig. 6. Changes in particle size and the lattice constant of Pt–0.44Ru(C) with anneal-
ng temperature.

hat the Ru added by CVD interacts more intimately with the Pt
urface than when Ru is added by IMP.

The Pt–0.44Ru(C) catalyst was treated in flowing N2 at differ-
nt temperatures to determine the optimal temperature for Pt–Ru
lloy formation. Changes in the average particle size and the lattice
onstant of the Pt, as estimated from the XRD patterns at different
emperatures, are presented in Fig. 6. The Pt particle size consis-
ently increases with increase in temperature. On the other hand,
he lattice constant initially decreases with increasing temperature,
eaches a minimum at approximately 600 ◦C, and becomes nearly

◦
onstant at higher temperatures (above 700 C). The initial decrease
n the lattice constant is due to the formation of an alloy between Pt
nd Ru, the latter has an atomic radius that is smaller than the for-
er [27]. Alloy formation is inhibited at temperatures above 700 ◦C

ecause Pt starts to interact with the C support, as reported previ-

ig. 8. Single-cell performance at 0.6 V for (a) Pt–1.0Ru(I)600, (b) Pt–0.44Ru(C)600, and (c
0 ppm; (4) 100 ppm.
Fig. 7. Results of CO-stripping tests showing CO oxidation potential of (1)
Pt–1.0Ru(I)600, (2) Pt–1.0Ru(I)700, (3) Pt–0.44Ru(C)600, and (4) commercial
Pt–1.0Ru(E-TEK).

ously [28]. Consequently, the optimum temperature for Pt–Ru alloy
formation in Pt–0.44Ru(C) is determined to be 600 ◦C.

3.3. Comparison of catalyst performance

The CO oxidation potentials of four sample catalysts, namely,

Pt–0.44Ru(C)600, Pt–1.0Ru(I)600, Pt–1.0Ru(I)700 and a commer-
cial Pt–1.0Ru(E-TEK), are given in Fig. 7. Two Pt–1.0Ru(I) catalysts
were tested, i.e., after treatment at 600 and 700 ◦C, to determine the
proper temperature for treating the catalyst. Pt–1.0Ru(I)600 shows
a lower potential, 513 mV, than that of Pt–1.0Ru(I)700, 612 mV,

) Pt–1.0Ru(E-TEK) for 2 h at several CO concentrations: (1) pure H2; (2) 10 ppm; (3)
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ig. 9. Performance degradation plots for (1) Pt–0.44Ru(C)600, (2) Pt–1.0Ru(I)600,
nd (3) Pt–1.0Ru(E-TEK) as function of CO concentrations.

ecause Pt–Ru alloy formation is hindered due to an interaction
etween the metal, Pt or Ru, and C at 700 ◦C [14]. Among the tested
atalysts, Pt–0.44Ru(C)600 gives the best performance with the
owest CO oxidation potential, at 429 mV.

The CO tolerance of the catalysts, excluding Pt–1.0Ru(I)700,
as also examined at different CO partial pressures by single-

ell tests, as shown in Figs. 8 and 9. The performance of all
atalysts is degraded when the anodic fuel contains CO. In par-
icular, the commercial PtRu/C catalyst experiences a significant
ecrease in current density even at a low partial pressure of CO, viz.,
0 ppm, compared with prepared catalysts. Pt–1.0Ru(I)600 gives
urrent densities higher than those from commercial catalyst at CO
ressures of 10 and 50 ppm, but the performance of the two cat-
lysts becomes similar at a CO pressure of 100 ppm. On the other
and, Pt–0.44Ru(C)600 consistently delivers higher current densi-
ies than for the other two catalysts at all CO pressures.

.4. Origin of improved performance of Pt–0.44Ru(C)600
The role of Ru in promoting the CO tolerance of the Pt catalyst as
n anode in a PEMFC has been attributed to two mechanisms [21].
ne is a bifunctional mechanism, which suggests that the oxygen-

ig. 10. XPS of Pt 4f in (1) Pt alone, (2) Pt–1.0Ru(I)600, and (3) Pt–0.44Ru(C)600.
rces 195 (2010) 1352–1358 1357

containing species adsorbed on the Ru migrates to the Pt surface to
facilitate the oxidation of CO on Pt [29]. The other mechanism is the
electronic modification of Pt by interaction with the added Ru, i.e.,
Pt–Ru alloy formation, that lowers the potential for CO oxidation
on Pt [30].

The present study demonstrates, from IR (Fig. 1) and EDX
(Figs. 2 and 3) results, that Ru added by CVD is present close to the
Pt surface and should facilitate the transfer of oxygen-containing
species from Ru to Pt and, therefore, promotes the oxidation of CO
on Pt. X-ray diffraction results (Fig. 4) show a shift in the Pt(1 1 1)
peak to higher angles with an increase in the amount of Ru added
by CVD, and thereby suggests the formation of a Pt–Ru alloy when
the catalyst is treated at a temperature as low as 220 ◦C.

To investigate further the efficiency of the CVD method for pro-
moting alloy formation compared with the IMP method, XPS of
Pt is compared for three catalysts, namely, Pt/C, Pt–1.0Ru(I)600
and Pt–0.44Ru(C)600. In Fig. 10, the Pt peaks shift to lower bind-
ing energies due to Ru addition, which indicates the migration of
electrons from Ru to Pt in accordance with the previous studies
[31,32]. The binding energy shift is larger in Pt–0.44Ru(C)600 than
in Pt–1.0Ru(I)600, supporting the contention that Pt is modified by
Ru to a greater extent when the latter is added by CVD rather than
by IMP.

Accordingly, it is concluded that Ru added by CVD is more effi-
cient in promoting the Pt/C catalyst than that added by IMP because
the former Ru is selectively deposited on and more closely interacts
with the Pt surface, and thereby contributes to two mechanisms of
catalyst promotion.

4. Conclusions

This study demonstrates that the CO tolerance of a Pt–Ru/C cat-
alyst as an anode for a PEMFC is improved when Ru is added to Pt/C
by CVD rather than by IMP. The Ru content required for optimum
catalyst performance is lower in the former case than in the latter.
These results are obtained because Ru is preferentially deposited
on the Pt surface by CVD, and thereby facilitates both geometric
and electronic interactions between Ru and the Pt. The deposition
of Ru on the Pt and the close proximity between the Ru and Pt com-
ponents are confirmed by FT-IR and EDX analyses. Alloy formation
and electronic interactions between Pt and Ru are demonstrated by
XRD and XPS analysis.

Pt–0.44Ru(C)600, which is prepared under conditions that will
optimize the performance of the Pt–Ru(C) catalysts, exhibits the
lowest CO oxidation potential and the highest CO tolerance among
the sample catalysts, including one containing Ru added by IMP,
Pt–1.0Ru(I)600, and a commercial catalyst, Pt–1.0Ru(E-TEK).
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