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a b s t r a c t

A series of carbon-supported bimetallic Pt-Ru catalysts with high alloying degree and different Pt/Ru
atomic ratio have been prepared by a chemical reduction method in the H2O/ethanol/tetrahydrofuran
(THF) mixture solvent. The structural and electronic properties of catalysts are characterized using X-ray
reflection (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM). The
eywords:
t-Ru/C catalyst
ormic acid electrooxidation
lloying degree

electrooxidation of formic acid on these Pt-Ru nanoparticles are investigated by using cyclic voltamme-
try, chronoamperometry and CO-stripping measurements. The results of electrochemical measurements
illustrate that the alloying degree and Pt/Ru atomic ratio of Pt-Ru catalyst play an important role in
the electrocatalytic activity of the Pt-Ru/C catalyst for formic acid electrooxidation due to the bifunc-
tional mechanism and the electronic effect. Since formic acid is an intermediate in the methanol

ctrod
cture
ifunctional mechanism
lectronic effect

electrooxidation on Pt ele
understanding of the stru

. Introduction

Fuel cells are electrochemical devices which convert chemical
nergy directly to electrical energy with high conversion efficiency
nd low environmental pollution [1]. Over the past few decades, the
lectrooxidation of methanol has received great attention owing
o the potential application in direct methanol fuel cells (DMFCs),
hich shows great potential as high efficiency, low-emission future
ower source [2]. However, the low anode performance is one of
he major challenges in the commercialization of DMFCs, which

ainly originates from the strong adsorption of poisonous inter-
ediates (e.g. CO) on the catalyst surface and the resulting impeded

ccessibility of the catalytic sites by methanol molecules [1,3]. In
rder to minimize the self-poisoning of catalyst, various Pt-based
lloy catalysts, such as Pt-Ru, Pt-Ir, Pt-Sn, Pt-Bi, Pt-Pb, Pt-Os and
t-Mo, have been prepared and evaluated in the electrocatalytic
xidation of methanol. Among them, the Pt-Ru binary catalyst is
urrently the most important anode catalyst for DMFCs because
t-Ru alloy catalyst can show an enhanced CO electrooxidation
inetics compared to pure Pt catalyst [4,5]. The promotion effect of
u in the Pt-Ru catalyst can be attributed to the bifunctional mecha-

ism and the electronic effect induced by the electronic interaction
etween Pt and Ru, enhancing the oxidation of the adsorbed CO

ntermediate at the Pt surface by weakening the metal–CO bond
6,7].

∗ Corresponding authors. Tel.: +86 25 85891651; fax: +86 25 83243286.
E-mail addresses: ndchenyu@yahoo.cn (Y. Chen), tianhonglu@263.net (T. Lu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.054
e in acidic electrolyte, the observation provides an additional fundamental
–activity relationship of Pt-Ru catalyst for methanol electrooxidation.

© 2010 Elsevier B.V. All rights reserved.

Up to date, a lot of works have been devoted to study the rela-
tionship between the structure of Pt-Ru catalyst and activity of
Pt-Ru catalyst. It is observed that the electrocatalytic activity of the
Pt-Ru/C catalyst for methanol electrooxidation is strongly depen-
dent on the component, particle size and morphology, and so forth
[4,8,9]. However, there exists controversy regarding the effect of
the alloying degree on the electrocatalytic activity of Pt-Ru cata-
lyst [10–13]. During process of methanol electrooxidation, spectra
experiments have shown that CO, formic acid, formaldehyde, etc.,
are intermediates in the oxidation of methanol on a Pt electrode
[14]. Since formic acid is an intermediate in the methanol electroox-
idation on Pt electrode in acidic electrolyte, it will be interesting to
study the electrooxidation of formic acid on the Pt-Ru catalysts,
which will provide an additional fundamental understanding of
the structure–activity relationship of Pt-Ru catalyst for methanol
electrooxidation.

Although formic acid is an intermediate in the methanol elec-
trooxidation, the effect of structure and component of Pt-Ru cata-
lyst on the formic acid electrooxidation seems to be ignored. The
effect of these factors on formic acid electrooxidation is still not well
understood. Until now, very rare investigations are known in the lit-
erature dealing with the influence of the alloying degree and Pt/Ru
atomic ratio on formic acid electrooxidation [15]. In the present
paper, based on our previous work [16], we synthesize a series of

Pt-Ru/C catalysts with the high alloying degree and different Pt/Ru
atomic ratio in the H2O/ethanol/tetrahydrofuran (THF) mixture
solution by a simple chemical reduction method. The performance
of the prepared Pt-Ru/C catalysts for formic acid electrooxidation
is monitored and compared with that of a commercial Pt-Ru/C cat-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ndchenyu@yahoo.cn
mailto:tianhonglu@263.net
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the carbon support. In the previous works, Prabhuram et al. found
THF could acts as an excellent dispersing medium for the metal
particles [17]. Recently, Shi and coworkers observed that a large
numbers of neutral (THF)n(H2O)m (n = 2–5, m = 0–n − 1) clusters
130 Y. Chen et al. / Journal of Pow

lyst with the low alloying degree. The results of electrochemical
easurements illustrate that the alloying degree and Pt/Ru atomic

atio of Pt-Ru/C catalyst can affect significantly the electrocatalytic
ctivity of the Pt-Ru/C catalyst for formic acid electrooxidation.

. Experimental

.1. Preparation of carbon-supported bimetallic Pt-Ru catalysts

All chemical reagents are analytical grade. H2PtCl6·6H2O, RuCl3,
etrahydrofuran (THF) and ethanol were obtained from Shang-
ai Chemical Regent Ltd. Vulcan XC-72 carbon (XC-72) was
btained from Cabot Company. In order to obtain carbon-supported
imetallic Pt-Ru catalyst (Pt-Ru/C) with 20 wt.% Pt-Ru and the
ifferent Pt/Ru atomic ratio, 60 mg Vulcan Carbon XC-72, appro-
riate amounts of aqueous solution of H2PtCl6 and RuCl3, THF,
H3CH2OH and H2O were mixed. To this mixture, volume ratio of
HF/H2O/CH3CH2OH is 5:4:1 and total volume of solution is 12 mL.
fter the mixture solution was ultrasonicated for 1 h and mechan-

cally stirred for 19 h, 10 mL THF/H2O/CH3CH2OH mixture solution
volume ratio of THF/H2O/CH3CH2OH is 5:4:1) containing NaBH4
nd Na2CO3 was added to the solution and stirred for 1 h at 10 ◦C.
hen, it was filtered and washed with the triply distilled water and
thanol. Finally, it was dried in a vacuum oven at 60 ◦C. The home-
ade 20 wt.% Pt-Ru/C catalysts with the atomic ratio of Pt/Ru = 1:1,

:1 and 3:1 were noted as the Pt1Ru1/C, Pt2Ru1/C and Pt3Ru1/C cat-
lysts, respectively. For comparison, the commercial E-TEK Pt-Ru/C
atalyst with 20 wt.% Pt-Ru and the atomic ratio of Pt/Ru = 1:1 was
oted as the Pt1Ru1/C-E catalyst. EDX measurements showed the
etal loadings of all catalysts in this study were about 19.8 wt.%.

.2. Physical characterization of catalysts

The composition of the Pt-Ru/C catalyst was determined
ith energy-dispersive X-ray (EDX) analysis with Vantage Digi-

al Acquisition Engine (Thermo Noran, USA), using the commercial
t1Ru1/C-E catalysts as a reference on various spots of a measured
ample in order to estimate average composition of the Pt1Ru1/C,
t2Ru1/C and Pt3Ru1/C catalysts. The morphology and particle size
f Pt-Ru/C catalysts were investigated using a JEOL JEM-2010 trans-
ission electron microscope (TEM) operated at 200 kV accelerating

otential. The X-ray diffraction (XRD) patterns for the catalysts
ere obtained on a Model D/max-rC X-ray diffractometer with

he Cu K� (� = 1.5406 Å) radiation source operating at 40 kV and
00 mA. X-ray photoelectron spectroscopy (XPS) measurements
ere carried out on a Kratos XSAM-800 spectrometer with an
g K� radiator, and the vacuum in the analysis chamber was
aintained at about 10−9 mbar or lower. Detailed Pt 4f signals
ere collected and analyzed. The binding energy was calibrated

y means of the C 1s peak energy of 284.6 eV.

.3. Electrochemical measurements

The electrochemical measurements were performed in a con-
entional three-electrode electrochemical cell by using a CHI 600
lectrochemical analyzer (CH Instruments, Shanghai Chenghua
o.). A Pt plate auxiliary electrode and a saturated calomel ref-
rence electrode (SCE) were used. All potentials refer to SCE. For
reparation of Pt-Ru/C working electrode, typical process follows
he previous procedure reported [16]. Briefly, a glassy carbon elec-
rode was polished with 0.3 and 0.05 �m Al2O3 sequentially and

ashed. 8 mg Pt-Ru/C catalyst and 3.25 mL mixture solution of 20%

2H5OH + 73.75% H2O + 6.25% Nafion (5 wt.%) were mixed and son-
cated for 30 min. 4 �L slurry obtained was placed on the surface of
he glassy carbon electrode with 3 mm diameter. After drying, the
orking electrode was obtained. The apparent surface area of the
rces 195 (2010) 4129–4134

glassy carbon electrode is 0.07 cm2 and the specific loading of Pt-Ru
on the electrode surface is about 28 �g cm−2. All the electrochemi-
cal measurements were carried out at 36 ± 1 ◦C. The electrolyte was
purged with high-purity nitrogen for at least 15 min prior to mea-
surements to remove dissolved oxygen unless otherwise stated. For
CO-stripping measurements, the catalyst surface was firstly satu-
rated with CO by bubbling CO through 0.5 M H2SO4 solution while
holding the working electrode at 0 V for 15 min. The remaining CO
was purged by flowing N2 for 30 min before measurements were
made.

3. Results and discussion

3.1. EDX and TEM measurements

The particle size and composition of the Pt-Ru/C were analyzed
by EDX and TEM measurements. The EDX analysis indicate that
the atomic ratio of Pt and Ru in the Pt1Ru1/C, Pt2Ru1/C, Pt3Ru1/C
and Pt1Ru1/C-E catalysts are 49:51, 64:36, 73:27 and 49:51 (data
not shown), respectively, which agrees well with the starting sto-
ichiometric ratio of the metals. Fig. 1 shows the TEM images of
the homemade Pt-Ru/C catalysts and the commercial Pt1Ru1/C-E
catalyst. It is observed that Pt-Ru particles are highly dispersed uni-
formly on the carbon support, and have similar morphology. The
average sizes of the Pt-Ru particles, dTEM, in the Pt1Ru1/C, Pt2Ru1/C,
Pt3Ru1/C and Pt1Ru1/C-E catalysts are 3.0, 3.2, 3.3 and 2.8 nm,
respectively, indicating that the size of the Pt-Ru particle increases
slightly with the decrease of Ru content in the homemade catalysts.
When PtRu/C catalyst with 20 wt.% Pt-Ru and the atomic ratio of
Pt/Ru = 1:1 was synthesized by the same method in the absence of
THF, the size of the Pt-Ru particle in the PtRu/C catalyst is 8.4 nm
[16] (data not shown). Thus, the present results of TEM images indi-
cate that the existence of THF can effectively prevent agglomeration
of Pt-Ru particles and facilitate the dispersion of Pt-Ru particles on
Fig. 1. TEM images of (a) Pt1Ru1/C, (b) Pt2Ru1/C, (c) Pt3Ru1/C and (d) Pt1Ru1/C-E
catalysts.
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ig. 2. XRD patterns of (a) Pt1Ru1/C, (b) Pt2Ru1/C, (c) Pt3Ru1/C and (d) Pt1Ru1/C-E
atalysts. Insert: Gaussian fitting curves of Pt (2 2 0) peak of corresponding Pt-Ru/C
atalysts.

olecule lay in the THF/H2O binary system by using the molecular
eam and synchrotron radiation mass spectrometry technique [18].
robably, the tremendous neutral (THF)n(H2O)m clusters molecule
ay effectively prevent agglomeration of metal particle due to

teric hindrance effect.

.2. XRD and XPS measurements

The structures of all Pt-Ru/C catalysts were investigated by XRD.
ig. 2 shows the XRD patterns of homemade Pt1Ru1/C, Pt2Ru1/C,
t3Ru1/C and commercial Pt1Ru1/C-E catalysts. Four characteristic
eaks corresponding to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of
he face centered cubic (fcc) structure of pure Pt are observed in
ach XRD patterns. The diffraction peaks of all Pt-Ru/C catalysts are
hifted to higher 2� value comparing with the peak position of the
ure Pt (JCPDS card 04-0802), indicating that Ru has entered into Pt

attice and the alloy of Pt and Ru is formed. No visible peaks related
o tetragonal RuO2 or hexagonal close-packed (hcp) Ru phases were
ound in Fig. 2, but their presence cannot be discarded because they

ay be present in a small amount or even in an amorphous form
19].

In order to avoid disturbance of the diffraction peak of the
arbon support, Pt (2 2 0) diffraction peak was fitted using the
aussian function to obtain precisely the position of the peak max-

mum (2�max) (insert in Fig. 2). The particle size (dXRD), the lattice
arameters (a) and the atomic fraction of Ru in the alloy (�Ru) of Pt-
u/C catalysts were calculated using Pt (2 2 0) diffraction peak with
cherrer’s formula [20], Vegard’s law [21] and Antolini’s equation
22], respectively, and the results are listed in Table 1. As shown in
able 1, the atomic fraction of Ru in the alloy of Pt1Ru1/C catalyst

�Ru = 44.2 at.%) is very close to the EDX compositions of Pt1Ru1/C
atalyst (atomic ratio of Pt and Ru is 49:51), indicating almost all
u atom entered into Pt lattice to form Pt-Ru alloy, and the alloying
egree of homemade Pt1Ru1/C catalyst is much higher than that
f commercial Pt1Ru1/C-E catalyst (�Ru = 4.4 at.%). In our previous

able 1
he structural parameters of the different Pt-Ru/C catalysts.

Catalyst dXRD (nm) dTEM (nm) 2�max (◦) a (nm)

Pt1Ru1/C 2.7 3.0 68.70 0.38606
Pt2Ru1/C 3.0 3.2 68.40 0.38755
Pt3Ru1/C 3.2 3.3 68.12 0.38894
Pt1Ru1/C-E 2.6 2.8 67.72 0.39097
rces 195 (2010) 4129–4134 4131

work [16], we have found that the reduction potentials of H2PtCl6
and RuCl3 in the solution containing THF are similar due to the
formation of H2PtCl6-THF complex, which can results in simulta-
neous reduction of H2PtCl6 and RuCl3, and subsequent formation of
Pt-Ru/C catalyst with high alloying degree. The versatility of prepa-
ration method is further confirmed by XRD measurements of other
homemade Pt-Ru/C samples. As shown in Fig. 2, the Pt (2 2 0) reflec-
tion in homemade Pt-Ru/C catalyst orderly shifts to lower 2� values
with decrease of the Ru content. The results in Table 1 confirm that
�Ru in each homemade Pt-Ru/C catalyst is very close to their EDX
compositions, indicating almost all Ru atom entered into Pt lattice
to form Pt-Ru alloy in each homemade Pt-Ru/C catalyst. This further
demonstrates that the atomic ratio of Pt to Ru in the synthesized
catalysts can be adjusted with the present method.

Generally, the addition of Ru to Pt can lead to a change of the
electronic structure of Pt atom due to lattice strain and charge trans-
fer [23–25]. Since the average size of Pt-Ru particles in Pt1Ru1/C
and Pt1Ru1/C-E catalysts are similar (Table 1), the effect of particle
size on binding energy (BE) of Pt can be ruled out [26,27]. Com-
pared with the commercial Pt1Ru1/C-E catalyst, the homemade
Pt1Ru1/C catalyst have a +0.5 eV increase in binding energy of Pt0

4f7/2 (Table 1), which should be mainly caused by a stronger elec-
tronic interaction between Pt and Ru atoms in Pt1Ru1/C catalyst
due to a higher alloying degree, leading to a obvious decrease of
the electron density of Pt atom in Pt1Ru1/C catalyst. Except that the
alloying degree of Pt-Ru particle affects the binding energy of Pt0

4f7/2, the atomic composition of Pt-Ru/C catalyst makes an effect
on the binding energy of Pt0 4f7/2. As shown in Table 1, the Pt0 4f7/2
binding energy in homemade Pt-Ru/C catalysts orderly increases
with increasing Ru content. Although the Ru content of Pt3Ru1/C
catalyst is much lower than that of commercial Pt1Ru1/C-E cata-
lyst, the binding energy of Pt0 4f7/2 in the Pt3Ru1/C catalyst is higher
than that of Pt1Ru1/C-E catalyst (Table 1), which in turn confirms
again that the alloying degree of Pt-Ru particle makes a significant
effect on the binding energy of Pt0 4f7/2.

3.3. Hydrogen adsorption/desorption measurements

Fig. 3 shows the cyclic voltammograms (CVs) of Pt1Ru1/C,
Pt2Ru1/C, Pt3Ru1/C and Pt1Ru1/C-E catalysts in a 0.5 M H2SO4
solution. The upper limit of the CVs is 0.5 V to prevent any Ru dis-
solution [28]. Obviously, the electrochemical characteristic curves
of the homemade Pt-Ru/C catalysts in 0.5 M H2SO4 depend on
the composition of Pt and Ru. With increasing Ru component
in the homemade Pt-Ru/C catalysts, the thickness of the double
layer region, at the potential range of 0.1–0.5 V, is increased due
to the hydrophilic properties of Ru [29–31]. Meanwhile, the fea-
tures in the “hydrogen region”, at the potential range of −0.2 to
0.1 V, gradually begins to resemble the features of pure Pt with
decreasing Ru component in the homemade Pt-Ru/C catalysts.
This further demonstrates that the atomic ratio of Pt to Ru in the
synthesized catalysts can be adjusted with the present method.

Although the electrochemically active surface of Pt-Ru/C cata-
lyst cannot be precisely assessed by coulometry in the “hydrogen
region” due to the overlap of hydrogen desorption on Pt surface
and the formation of Ru oxide, it can be concluded from Fig. 3
that the order of the amount of Pt site in three homemade Pt-Ru/C

Pt/Ru atomic ratio from EDX (%) xRu (%) Pt0 4f7/2 BE (eV)

49:51 44.2 71.3
64:36 32.3 71.2
73:27 21.0 71.0
49:51 4.4 70.8
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ig. 3. The cyclic voltammograms of (a) Pt1Ru1/C, (b) Pt2Ru1/C, (c) Pt3Ru1/C and
d) Pt1Ru1/C-E catalysts in the 0.5 M H2SO4 solution at the rate of 50 mV s−1 after 1
otential cycles.

atalysts is Pt3Ru1/C > Pt2Ru1/C > Pt1Ru1/C because the hydrogen
egion features of Pt gradually enhance with decreasing Ru com-
onent. Another significant observation is that the electrochemical
haracteristic curve of Pt1Ru1/C catalyst is similar to that of the
ommercial Pt1Ru1/C-E catalyst, indicating that the amount of
t site in Pt1Ru1/C catalyst is similar to that of the commercial
t1Ru1/C-E catalyst.

.4. Electrooxidation of formic acid

Formic acid electrooxidation obeys a triple-path mechanism in
cidic electrolyte [32,33] (Scheme 1), namely: (i) a direct pathway
dehydrogenation), in which formic acid is oxidized directly into
O2; (ii) an indirect pathway (dehydration), via COads formation
nd oxidation; (iii) a formate pathway, involving the formation and
ubsequent oxidation of formate to CO2. Fig. 4 shows the cyclic
oltammograms of 0.5 M HCOOH + 0.5 M H2SO4 solution at four
ifferent Pt-Ru/C catalysts. In the positive scan direction, a broad
xidation current peak is observed in each of the cyclic voltammo-
rams, which should be overlap of the formic acid oxidation peak
ia different reaction path. During the positive potential scan, some
roducts of HCOOH adsorption decomposition may lead to a Pt-site
locking effect, which inhibits access of HCOOH molecules to the
t active sites [14,34,35]. In the reverse scan direction, an oxidation
eak is also observed in each of the cyclic voltammograms, which is
ssigned to the direct oxidation of formic acid. This oxidation peak
an present the real catalytic activity of the Pt surface, since neither
O nor Pt oxides are present in the catalyst surface [14,34,35]. As
result, in each of the cyclic voltammograms, it is observed that
he oxidation peak current of formic acid in the reverse scan direc-
ion is bigger than that in the positive scan direction. Because the
hickness of a diffusion layer decreases with the increase of the stir-
ing rate, the rate of a diffusion-controlled reaction depends on the

cheme 1. Schematic description of the “triple-path way” reaction mechanism for
ormic acid oxidation as proposed in refs. [32] and [33].
Fig. 4. Cyclic voltammograms of the 0.5 M H2SO4 + 0.5 M HCOOH solution at (a)
Pt1Ru1/C, (b) Pt2Ru1/C, (c) Pt3Ru1/C and (d) Pt1Ru1/C-E catalysts at the rate of
50 mV s−1 after 1 potential cycles.

stirring rate of a solution. Under continuous stirring condition, the
cyclic voltammograms of formic acid at Pt-Ru/C catalysts give the
same curve as the one in the static solution in Fig. 4. The fact indi-
cates that the oxidation of formic acid at the Pt-Ru/C catalysts is
not a diffusion-controlled reaction rather than a kinetic-controlled
reaction.

To evaluate the electrocatalytic activity of Pt-Ru/C catalysts for
formic acid electrooxidation, two electrochemical parameters must
be taken into consideration: the onset oxidation potential of fuel
molecules and the magnitude of the oxidation current density at a
given potential in the positive scan direction [36]. For the electroox-
idation of formic acid, all Pt-Ru/C catalysts exhibit onset potentials
of ca. 0.25 V (Table 2), indicating the onset oxidation potential of
formic acid on Pt-Ru/C catalyst is not related to the degree of alloy-
ing and Pt/Ru atomic ratio of Pt-Ru/C catalyst under the present
experimental conditions (i.e. the Pt/Ru atomic ratio ≤ 3:1). In order
to investigate the effect of alloying degree on formic acid electroox-
idation, we firstly compare the electrocatalytic activity of Pt1Ru1/C
and Pt1Ru1/C-E catalyst for formic acid electrooxidation. As shown
in Fig. 4, the oxidation peak potentials of formic acid at the Pt1Ru1/C
and Pt1Ru1/C-E catalysts are almost the same in the positive scan
direction, at about 0.51 V. However, the anodic peak current den-
sity of formic acid at the Pt1Ru1/C catalyst (21.8 mA cm−2) is much
bigger than that of Pt1Ru1/C-E catalyst (10.9 mA cm−2). Consider-
ing that the component and the average size of Pt-Ru particle in
the Pt1Ru1/C and Pt1Ru1/C-E catalysts are similar, but xRu of the
Pt1Ru1/C catalyst is much higher than that of the Pt1Ru1/C-E cata-
lyst, it can be concluded that the alloying degree of Pt-Ru particles
is an important factor to affect the electrocatalytic activity of the
Pt-Ru/C catalyst for the formic acid electrooxidation.

The positive shift in the Pt 4f binding energy corresponds to a
shift of the center of the d-band toward higher binding energy,
leading to a downshift in the center of gravity of the d-band
of Pt with respect to the Fermi level [15]. The previous the d-
band center theory has indicated that a change in the adsorbate
chemisorption energy scales directly with the change in the metal
center of the d-band: lowering of the d-band center results in
the decrease in interaction strength of the various adsorbates to
the substrate [37,38]. Consequently, the activity of a catalyst can

be tuned by changing the electronic structure of metal center. As
mentioned, formic acid electrooxidation obeys a triple-path mech-
anism. During the electrooxidation of formic acid, at low potentials,
adsorbed CO produced from formic acid decomposition is the
inhibiting intermediate [1,3]. At higher potentials, formate inter-
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Table 2
Onset potentials, peak potential and current densities of formic acid oxidation at Pt1Ru1/C, Pt2Ru1/C, Pt3Ru1/C and Pt1Ru1/C-E catalysts at different voltages.

Catalyst Onset potential (V) Peak potential (V) Current density (mA cm−2)

0.3 V 0.35 V 0.4 V 0.45 V 0.5 V

Pt1Ru1/C 0.25 0.51 2.8 6.5 12.6 18.8 21.7
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1 1
acid oxidation is much better than that of the Pt1Ru1/C-E cata-
lyst (Figs. 4 and 5). Since the particles size and composition of the
Pt1Ru1/C catalyst is similar to that of the commercial Pt1Ru1/C-E
catalyst, the effect of Ru content and particles size on COads oxi-
Pt2Ru1/C 0.25 0.59
Pt3Ru1/C 0.25 0.65
Pt1Ru1/C-E 0.25 0.51

ediate is the poisoning species [39,40]. Thus, the suppression of
ehydration pathway and formate pathway can enhance the rate
f formic acid electrooxidation. Since the binding energy of Pt4f in
he Pt1Ru1/C catalyst is much higher than that in the Pt1Ru1/C-E
atalyst (Table 1), this corresponding downshift in the d-band cen-
er of Pt can result in weaker bonds between the Pt surface and the
dsorbate (i.e. the formate and COads intermediates in Scheme 1). In
urn, this indicates that the activation barrier energy of the various
dsorbates to the substrate increases (surface activation of vari-
us adsorbates becomes more difficult), which will decrease the
ormation of the formate and COads intermediates. In the case of
d catalyst, Wieckowsk and co-workers have confirmed that the
ower d-band center of Pd results in an increase in activation bar-
ier energy of the formate and COads intermediates, which enhances
he rate of the formic acid oxidation via the direct path [23]. Simi-
arly, Pt1Ru1/C catalyst with high alloying degree may enhance the
ate of the formic acid oxidation by suppressing indirect pathway
nd formate pathway of formic acid oxidation due to an increase in
ctivation barrier energy of the formate and COads intermediates,
hich result in a better electrocatalytic activity of the Pt1Ru1/C cat-

lyst for the formic acid electrooxidation compared to Pt1Ru1/C-E
atalyst.

Similar to the case of methanol electrooxidation [15], it is
bserved that the atomic compositions of Pt-Ru/C catalyst affect
lso the electrocatalytic activity of the Pt-Ru/C catalyst for formic
cid electrooxidation. As shown in Fig. 4, the forward peak poten-
ials of formic acid oxidation at homemade Pt-Ru/C catalysts
rderly increases with decreasing Ru content, while the peak cur-
ents of formic acid oxidation at homemade Pt-Ru/C catalysts
isplay a volcano change with decreasing Ru content. Table 2

ists also the anodic current densities of formic acid at several
otentials for the four Pt-Ru/C catalysts. These values can reflect
ffectively the electrocatalytic activity of catalyst [36]. Analysis
f Table 2 reveals that Pt2Ru1/C catalyst has highest electrocat-
lytic activity for formic acid oxidation among the four samples.
or example, at 0.3 and 0.5 V, Pt2Ru1/C catalyst exhibit current
ensities that are about 1.8 and 3.5 times higher compared to
ommercial Pt1Ru1/C-E catalyst, respectively. In comparison with
he result of the hydrogen adsorption/desorption measurements
i.e. the amount of Pt site in three homemade Pt-Ru/C catalysts
s Pt3Ru1/C > Pt2Ru1/C > Pt1Ru1/C), the present result indicates that
he appropriate Pt/Ru atomic ratio plays an important role in the
lectrocatalytic activity of the Pt-Ru/C catalyst for the formic acid
lectrooxidation.

The electrocatalytic activity and stability of the different Pt-
u/C catalysts were further tested by chronoamperometry (Fig. 5).

t is observed that the oxidation current densities of formic
cid at Pt1Ru1/C, Pt2Ru1/C, Pt3Ru1/C and Pt1Ru1/C-E catalyst
lectrodes at 3000 s are 4.4, 6.7, 2.8 and 2.2 mA cm−2, corre-
ponding to 45%, 47%, 28% and 30% of their initial maximum
alues, respectively. The results show that the order of the elec-

rocatalytic activity of the Pt-Ru/C catalysts for the formic acid
lectrooxidation is the Pt2Ru1/C > Pt1Ru1/C > Pt3Ru1/C > Pt1Ru1/C-

catalyst, whereas the order of the electrocatalytic stability
s the Pt2Ru1/C ≈ Pt1Ru1/C > Pt3Ru1/C ≈ Pt1Ru1/C-E catalyst. When

e normalized the oxidation current of formic acid by using the
4.2 9.4 17.5 27.1 35.2
3.0 5.1 8.3 12.5 18.1
2.4 4.1 6.5 9.4 10.8

Pt electrochemically active surface area of catalysts, a same change
tendency is also observed (insert in Fig. 5). The excellent electrocat-
alytic activity of the Pt2Ru1/C catalyst for the formic acid oxidation
may be attributed to the appropriate Pt/Ru atomic ratio and high
alloying degree of the Pt-Ru particles.

3.5. Electrochemical oxidation of surface adsorbed CO

During process of formic acid electrooxidation on Pt surface,
COads, an intermediate product of formic acid oxidation will inhibit
the forthcoming formic acid electrooxidation by preventing their
adsorption at the electrode surface, which will inevitably decrease
the fuel efficiency. The alloying of Pt with other metals like Ru has
been tested as a way of minimizing the effect of poisonous inter-
mediates, in which Ru can promote the oxidation of the strongly
bound COads on Pt by supplying an oxygen source (Ru-OHad) at
lower potentials than Pt [8,9,41]. Moreover, the Pt-Ru alloy is
emphasized because the possible electronic effect between Pt and
Ru atoms is also thought to be important, which can reduce the
bonding strength between Pt and COads, and thus benefit the catal-
ysis [8,9,41]. As shown in Fig. 6, the oxidation peak potentials
of adsorbed CO at Pt1Ru1/C and Pt1Ru1/C-E samples are 0.306
and 0.388 V, respectively, illustrating the adsorption strength of
the adsorbed CO on the Pt-Ru/C catalysts is related to the alloy-
ing degree of Pt-Ru. Obviously, the Pt-Ru/C catalyst with the high
alloying degree is favor of oxidation of COads. Consequently, the
electrocatalytic stability of the Pt Ru /C catalyst for the formic
Fig. 5. Chronoamperometric curves of the 0.5 M H2SO4 + 0.5 M HCOOH solution at
(a) Pt1Ru1/C, (b) Pt2Ru1/C, (c) Pt3Ru1/C and (d) Pt1Ru1/C-E catalysts. Fixed poten-
tial: 0.35 V. The insert shows the chronoamperometric curves normalized using the
Pt electrochemically active surface area (mA m−2 Pt). The electrochemically active
surface areas of the Pt in catalysts are estimated from the integrated COad oxidation
charge in Fig. 6.
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ig. 6. The first anode scan in cyclic voltammograms for CO oxidation at (a) Pt1Ru1/C,
b) Pt2Ru1/C, (c) Pt3Ru1/C and (d) Pt1Ru1/C-E catalysts in the 0.5 M H2SO4 solution
t the rate of 50 mV s−1.

ation can be ruled out. Thus, the obvious enhancement of the CO
olerance can be ascribed to above-mentioned electronic effect.

For the homemade Pt-Ru/C catalysts with the high alloying
egree, the COads-stripping analysis (Fig. 6) demonstrate that the
xidation peak potentials of the adsorbed CO at Pt1Ru1/C catalyst
lectrode (0.306 V) is close to that of Pt2Ru1/C catalyst electrode
0.316 V), but much lower than that of Pt3Ru1/C catalyst electrode
0.431 V). According to bifunctional mechanism, adequate amount
f Ru sites are required to locate close to the Pt sites to promote the
onversion of CO to CO2 on Pt surface. Thus, a significantly positive
hift of the oxidation peak potentials of the adsorbed CO at Pt3Ru1/C
atalyst is likely due to the fact that the amount of Ru in Pt3Ru1/C
atalyst cannot afford enough oxygenated species to guarantee
xidation of CO. In addition, XPS measurements show the bind-
ng energy values of Pt4f in homemade Pt-Ru/C catalysts decrease

ith decreasing Ru content (Table 1), which is an indication of
eakening of interaction between Pt and Ru atom. Consequently,

he weakening of electronic effect originated from the decrease of
mount of Ru in Pt3Ru1/C catalyst is also likely responsible for the
ositive shift of the oxidation peak potentials of the adsorbed CO.

n summary, the decrease of CO tolerance is main reason for the
eak electrocatalytic stability of the Pt3Ru1/C catalyst.

. Conclusion

The electrocatalytic activity of Pt-Ru/C catalyst for the formic
cid electrooxidation reaction is strongly dependent on alloying
egree and the Ru content of Pt-Ru/C catalyst. Although composi-
ion and particle size of homemade Pt1Ru1/C catalyst are similar to
hat of commercial Pt1Ru1/C-E catalyst, the Pt1Ru1/C catalyst with
igh alloying degree shows much higher electrocatalytic activity
nd stability for the formic acid electrooxidation as compared to
he commercial Pt1Ru1/C-E catalyst with low alloying degree. This
ndicates that the increase of alloying degree of Pt-Ru/C catalyst

s favor of formic acid electrooxidation, which can be ascribed to
nhancement of CO tolerance and possible suppression of dehy-
ration pathway and formate pathway in the course of formic acid
lectrooxidation due to the change of electronic structure of Pt sur-
ace. Under high alloying degree condition, it is observed that the

[
[
[
[
[

rces 195 (2010) 4129–4134

electrocatalytic activity of Pt-Ru/C catalyst for formic acid oxidation
is a volcano behavior with decreasing Ru content, where Pt2Ru1/C
catalyst has highest electrocatalytic activity for formic acid oxi-
dation among the three homemade Pt-Ru/C samples. Since the Pt
4f7/2 binding energy of homemade Pt-Ru/C catalyst increases with
increasing Ru content, this volcano behavior cannot be explained
by the electronic effect alone. Thus, it proves that the bifunctional
mechanism also plays an important role in the electrocatalytic
activity of the Pt-Ru/C catalyst for formic acid electrooxidation.
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