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bstract

This research aims at enhancement of the performance of anodic catalysts for the direct ethanol fuel cell (DEFC). Two distinct DEFC nanoparticle
lectrocatalysts, PtRuMo/C and PtRu/C, were prepared and characterized, and one glassy carbon working electrode for each was employed to
valuate the catalytic performance. The cyclic-voltammetric, chronoamperometric, and amperometric current–time measurements were done in
he solution 0.5 mol L−1 CH3CH2OH and 0.5 mol L−1 H2SO4. The composition, particle sizes, lattice parameters, morphology, and the oxidation
tates of the metals on nanoparticle catalyst surfaces were determined by energy dispersive analysis of X-ray (EDAX), X-ray diffraction (XRD),
ransmission electron micrographs (TEM) and X-ray photoelectron spectrometer (XPS), respectively. The results of XRD analysis showed that
oth PtRuMo/C and PtRu/C had a face-centered cubic (fcc) structure with smaller lattice parameters than that of pure platinum. The typical particle
izes were only about 2.5 nm. Both electrodes showed essentially the same onset potential as shown in the CV for ethanol electrooxidation. Despite

heir comparable active specific areas, PtRuMo/C was superior to PtRu/C in respect of the catalytic activity, durability and CO-tolerance. The
ffect of Mo in the PtRuMo/C nanoparticle catalyst was illustrated with a bifunctional mechanism, hydrogen-spillover effect and the modification
n the Pt electronic states.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the past decades, the direct methanol fuel cell (DMFC)
as drawn attention for its simple construction with reduced
imensions and high-energy efficiency. Progress has been made
n this field [1–3]. However, the intrinsic DMFC disadvan-
age is the toxicity of methanol. Therefore, researchers have
ooked for other small molecule alcohols as alternative fuels
4,5]. Ethanol has emerged as the first choice because it is a
on-toxicity and low volatility together with a higher energy den-
ity than methanol (8.01 kWh kg−1 versus 6.09 kWh kg−1) [6].
ther important considerations for choosing ethanol are its low

rice and its transportability. Among the published reports on
roton exchange membrane fuel cells (PEMFC) with alcohol as
uel [5–9], the direct ethanol fuel cell (DEFC) seems promising,
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specially for the application in devices like electric vehicles,
obile telephone and laptops. However, the complete oxidation

f ethanol in DEFC remains the crux of the matter, because,
nlike the case of DMFC, it is necessary to break the C C bond
f ethanol at low temperatures. The key is to find an effective
node nanoparticle catalyst. A lot of efforts have been reported
10,11], but all involved catalysts based on Pt, in spite of its lim-
ted capability for breaking the C C bond and its vulnerability to
e poisoned at the surface by strongly adsorbed species like CO,
hich originates from the dissociation of the organic molecules.
hus the sluggish anodic kinetic process for ethanol electroox-

dation cannot be avoided, especially at low temperatures. One
ossible way is to modify the electrode surface to increase at
ow potentials its coverage of oxygenated species (e.g. adsorbed
H) generated by the dissociation of water, which are necessary
o oxidize completely the intermediate species from the disso-
iation of ethanol to CO2. At present, there are only a limited
umber of possible metals which are able to activate water at a
ow potential with a sufficient stability in acid medium, includ-
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ower

i
[
a
i
e
c
a
t
t
a
n

f
t
e
a
e
[
s
d
s
i
t
D
t
t
b
a
t
o
p
s
e
r
u
w
r

2

2

t
p
c
p
p
a
P
o
p
t
t
w
w
t

w
w
(
T
t
a

2
m

2

(
a
f
t
w
v
c
r
fi
t
d

2

e
c
a
t
h
w
p
t
c
M
l
C
c
p
r
i
y
f
fi
r
c
d

2

d
T

Z.-B. Wang et al. / Journal of P

ng Ru [10,12,13], Mo [14,15], Sn [16,17], Os [18], W [19], Ir
20], and so on. PtRu alloys, which have been widely used as cat-
lysts in DMFCs, are still considered to be the best starting point
n DEFC research, but their practical use as catalysts for ethanol
lectrooxidation requires some significant enhancements to the
atalytic activities [21]. On the other hand, due to the limited
mount of platinum, it is an imperative to minimize or eliminate
he usage of this noble metal in catalysts, in consideration of
he possible social consequence of the platinum consumption
ccompanied by successful PEMFC commercialization in the
ear future.

The addition of a third metal is one of the obvious choices
or improving the performance of the electrode and lowering
he usage of noble metals [22–24], but the durability of such
lectrodes could pose an obstacle. Molybdenum, an inexpensive
nd amply available metal element, has revealed a remarkable
ffect for promoting the oxidation of CO [25–27] and methanol
28,29]. Recently, both experimental and theoretical studies have
uggested that Pt-Mo could be a better catalyst for CO oxi-
ation than PtRu [26,30,31]. As compared with the extensive
tudies on the carbon supported PtMo binary anodic catalysts
n DMFC [23,25,28,29], few reports have been published on
ernary alloy nanoparticles (PtRuMo) as anode catalysts for
MFC [32], much less for DEFC. Now, it is apparently the right

ime to explore the catalytic properties of PtRuMo/C nanopar-
icles prepared by chemical reduction. This investigation has
een carried out with our synthesized PtRuMo/C nanoparticles,
iming for the better approach to enhance the performance of
he DEFC anodic catalysts. The results are compared to those
btained with the PtRu/C nanoparticles, which were similarly
repared by chemical reduction of the same precursors with
odium borohydride. X-Ray diffraction (XRD), transmission
lectron micrographs (TEM), energy dispersive analysis of X-
ay (EDAX), and X-ray photoelectron spectrometer (XPS) were
sed to characterize the catalysts. The catalytic performances
ere evaluated by the cyclic-voltammetric, chronoamperomet-

ic, and amperometric current–time measurements.

. Experimental

.1. Preparation of nanoparticle electrocatalysts

The preparation of the PtRuMo/C and the PtRu/C nanopar-
icles were done as previously described [7,24,33]. All the
repared samples consisted of 20% metal in weight, with the
arbon black powder (Vulcan XC-72, Cabot) served as the sup-
ort. Sodium borohydride was used to chemically reduce the
recursors of Pt (NH3)2(NO2)2, Ru(NO3)2, and (NH4)6Mo7O24
t 80 ◦C to obtain 0.25 g of PtRu (with an atomic ratio of 1:1) or
tRuMo (with an atomic ratio of 6:3:1) nanoparticles supported
n carbon. Carbon black was dispersed in a mixture of ultra-
ure water and isopropyl alcohol with 20 min of ultrasonication
o make a uniform carbon ink. Then the precursors were added

o the ink ultrasonically for 15 min. The pH value of the mixture
as adjusted by NaOH solution to 8 and then its temperature
as raised to 80 ◦C, immediately before the drop-by-drop addi-

ion of 25 mL of 0.2 mol L−1 solution of sodium borohydride,

i
o
b
f
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hich was followed by stirring the bath for 1 h. The product
as cooled, dried and washed repeatedly with ultra-pure water

18.2 M� cm) until no Na+ and B(OH)4
− ions were detected.

he formed powder of catalyst was dried for 3 h at 120 ◦C and
hen stored in a vacuum vessel. All chemicals here were of
nalytical grade.

.2. Electrode preparation and electrochemical
easurement

.2.1. Preparation of working electrode
Three millimeter diameter glassy carbon working electrodes

electrode area 0.0706 cm2), polished with 0.05 �m alumina to
mirror-finish before each experiment, were used as substrates

or the Vulcan-supported catalysts. For the electrode prepara-
ion, 5 �L of an ultrasonically redispersed catalyst suspension
as pipetted on to the glassy carbon substrate. After the sol-
ent evaporation, the deposited catalyst (28 �gmetal cm−2) was
overed with 5 �L of a dilute aqueous Nafion solution. The
esulting Nafion film with a thickness of ≤0.2 �m has a suf-
cient strength to attach the Vulcan particles permanently to

he glassy carbon electrode without producing significant film
iffusion resistances [34].

.2.2. Electrochemical measurements
All measurements were carried out in the conventional three-

lectrode electrochemical cell at 25 ◦C, in which the glassy
arbon electrode made in the above mentioned procedure served
s the working electrode and a piece of Pt foil (1 cm2) as
he counter electrode. The reference electrode was a reversible
ydrogen electrode (RHE) with its solution connected to the
orking electrode by a Luggin capillary, the tip of which was
laced appropriately close to the working electrode. All poten-
ial values are versus RHE. All solutions were prepared with the
hemicals of analytical grade and the ultra-pure water (MilliQ,
illipore, 18.2 M� cm). The ultra-pure argon gas was uti-

ized to continuously purge the solution system of 0.5 mol L−1

H3CH2OH and 0.5 mol L−1 H2SO4, which was kept under
onstantly stirring state. The cyclic voltammograms (CV) were
lotted within a potential range from 0.05 to 1.2 V at a scanning
ate of 0.02 V s−1. The chronoamperometric and amperometic
–t experiments were done with CHI630A electrochemical anal-
sis instrument controlled by an IBM PC. The potential jumped
rom 0.1 to 0.8 V. Due to a slight contamination from the Nafion
lm, the working electrodes were cycled at 0.05 V s−1 until the
eproducible CV plots were obtained before the measurement
urves were recorded. Each separate measurement was always
one in the fresh electrolyte.

.2.3. CO stripping voltammetry
The electrode was electrochemically cleaned in an Ar-

egassed solution of 0.5 mol L−1 H2SO4 solution at 25 ◦C.
he amount of Pt-Ru/C or PtRuMo/C catalyst as the work-
ng electrode was 10 �g (28 �gmetal cm−2). CO was adsorbed
n the surface of the Pt-Ru/C or PtRuMo/C catalyst at 0.08V
y bubbling CO gas through the 0.5 mol L−1 H2SO4 solution
or 25 min. The CO dissolved in the solution was subsequently
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emoved by bubbling argon gas of high purity for 35 min, keep-
ng the potential also at 0.08 V. The potential was then cycled at a
canning rate of 0.02 V s−1 from 0.05 to 1.2 V for two oxidation
nd reduction cycles.

.3. Characterization of physical properties

.3.1. X-ray diffraction (XRD)
XRD analysis was accomplished by a D/max-rB diffractome-

er (made in Japan) with the Cu K� X-ray source, which was
perating at 45 kV and 100 mA. The XRD patterns were gener-
ted by the 2θ scan with the scanning rate of 4◦ min−1 and the
ngular resolution of 0.05◦.

.3.2. Energy dispersive analysis of X-ray (EDAX)
Chemical composition analysis by EDAX was performed

ith an EDAX Hitachi-S-4700 analyser associated to a scan-
ing electron microscope (SEM, Hitachi Ltd. S-4700). Incident
lectron beam energies from 3 to 30 keV had been used. In all
ases, the beam was at normal incidence to the sample surface
nd the measurement time was 100 s. All the EDAX spectra were
orrected by using the ZAF correction, which takes into account
he influence of the matrix material on the obtained spectra.

.3.3. Transmission electron microscopy (TEM)
Before taking the electron micrographs, the nanoparticle

atalyst samples were finely ground and ultrasonically dis-
ersed in isopropanol, a drop of the resultant dispersion was
eposited and then dried on the standard copper grid, which was
re-coated with the polymer film. Transmission electron micro-
raphs were taken through a JEOLJEM-1200EX Microscope
made in Japan), operating at the applied voltage of 100 kV, with
magnification of 200,000 and the spatial resolution of 1 nm.

.3.4. X-ray photoelectron spectrometry (XPS)
The XPS study of surface composition involved a special

-ray photoelectron spectrometer (VG ESCALAB MKII), with
he Al K� X-ray source of 1486.6 eV, which recorded the spec-
ra from the 45◦ takeoff-angle at the chamber pressure below
× 10−9 Pa. The C 1s electron binding energy was referenced
t 284.6 eV, and a nonlinear least-squares curve-fitting program
as employed with a Gaussian–Lorentzian production function

35,36]. The deconvolution of the XPS spectra was achieved
ith the reported procedures [21,35–39].

. Result and discussion

.1. XRD characterization

The XRD patterns of PtRuMo/C and PtRu/C nanoparticle cat-
lysts in Fig. 1 reveal the structural information, both for metals
n bulk and for their carbon support. The first broad peak located
t the 2θ value of about 24.8◦ can be attributed to the carbon sup-

ort; whereas the four other peaks, which correspond to the Pt
rystal planes of (1 1 1), (2 0 0), (2 2 0), and (3 1 1), respectively,
re characteristic of the face-centered cubic (fcc) crystalline Pt
JCPDS-ICDD, Card No. 04-802). These patterns indicate the

(
t
a
c

ig. 1. XRD patterns of the PtRuMo/C and the PtRu/C nanoparticle electrocat-
lysts.

ominant feature of the disordered single-phase structures (i.e.
olid solutions) for the alloy. The diffraction peaks of pure Pt are
xtracted from the database of the Joint Committee on Powder
iffraction Data (JCPDS-ICDD) and also indicated in Fig. 1 by

he four vertical lines. It can be seen that the peaks of PtRuMo/C
nd PtRu/C are shifted to the slightly higher 2θ values. The lack
f characteristic peaks of Ru, Mo, and their oxides/hydroxides
uggests the possibility that Ru and Mo atoms either form alloys
ith Pt atoms or exist as oxides in amorphous phases.
The data in Table 1, which are based on the Pt (2 2 0) crys-

al face, not only reflect the formation of a solid solution but
lso demonstrate the fact that the lattice parameters of both
tRuMo/C and PtRu/C nanoparticles are smaller than those of
t/C. The progressive decrease in lattice parameters of the alloy
orresponds to the progressive increase in the incorporation of
u and Mo into the alloy state. No significant difference has been

ound in Table 1 between PtRuMo/C and PtRu/C with respect to
he average particle sizes and specific surface areas, which are
stimated from full width at half maximum (FWHM) according
o Debye–Scherrer formula [40–42] as follows:

= kλ

β1/2 cosθ
(1)

= 60, 000

ρd
(2)

Pt-Ru = XPt × ρPt + XRu × ρRu (3)

Pt-Ru-Ni = XPt × ρPt + XRu × ρRu + XMo × ρMo (4)

here d is the average particle size (Å), λ the wave length of X-
ay (1.5406 Å), θ the angle, at which the peak maximum occurs,
1/2 the width (in radians) of the diffraction peak at a half height,
a coefficient of 0.89 to 1.39 (0.9 here), ρ the density of Pt-Ru
21.4 g cm−3), ρRu the density of Ru metal (12.3 g cm−3), ρMo
he density of Mo metal (10.3 g cm−3), and XPt, XRu, and XMo
re the weight percent of Pt, Ru, and Mo, respectively, in the
atalysts.
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Table 1
The lattice parameter, particle size, and specific area of the PtRuMo/C and the PtRu/C nanoparticle electrocatalysts

Catalysts 2θ (◦) d-Value (nm) Lattice parameter (nm) Particle size (nm) Specific area (m2 g−1)

Pt/C 67.70 0.13873 0.3924 – –
PtRu/C 68.65 0.13634 0.3856 2.7 123.5
PtRuMo/C 68.22 0.13655 0.3862 2.5 126.4
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Fig. 2. TEM micrographs of the PtRuMo/C (a

.2. TEM exploration

TEM images obtained from PtRuMo/C and PtRu/C nanopar-
icles reflect the effect of Mo on the particle size and morphology,
hich are believed to exert a strong influence on the cata-

yst properties. The typical bright field TEM micrographs of
tRuMo/C and PtRu/C are presented in Fig. 2a and b, respec-

ively, with metal grains in black and carbon support in grey. It
s clearly shown that the spherical metal particles spread homo-

eneously on carbon grains in both catalyst systems.

In the histograms of the particle sizes (see Fig. 3a for
tRuMo/C and 3b for PtRu/C), the similar peak positions at
round 3 nm can be identified. The particle sizes range from 1

n
d

c

Fig. 3. Size distribution of nanoparticles of the PtRu
the PtRu/C (b) nanoparticle electrocatalysts.

o 6 nm for PtRuMo/C and from 1 to 7 nm for PtRu/C, with the
verage values of 2.8 nm for the former and 2.9 nm for the latter,
hich are computed from TEM measurement of a series of dis-

inct particle diameters, coded individually with numbers, with
he established equation [43] as follows:

¯
n =

∑n
i=1di

n
(5)

here d̄n is the averaged value of all particle diameters in

anometer, n the total number of codes used to identify all the
istinct diameters, di is the value of the i-coded diameter.

The similarity of particle size distribution is of the impli-
ation that the size factor plays no significant role in

Mo/C (a) and the PtRu/C (b) electrocatalysts.
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Table 2
The atomic composition of the PtRuMo/C and the PtRu/C nanoparticles (at.%)

Catalysts Nominal content Determined by EDAX

Pt Ru Mo Pt Ru Mo
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Fig. 4. Cyclic voltammograms of ethanol electrooxidation in an Ar-saturated
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tRu/C 50 50 – 55.9 44.1 –
tRuMo/C 60 30 10 63.7 26.2 10.1

ifferentiating the catalytic activity between PtRuMo/C and
tRu/C.

.3. EDAX analysis

Table 2 shows the actual chemical compositions of
tRuMo/C and PtRu/C nanoparticles catalysts, determined by
DAX detections, which come up with the similar result for
ifferent same regions. The atomic ratios among metals are
.31(Pt):2.59(Ru):1(Mo) for PtRuMo/C and 1.26(Pt):1(Ru) for
tRu/C, close to the formula values.

.4. Electrochemically active specific area

The electrochemically active specific area (SEAS), which
eflects the intrinsic electrocatalytic activity of a catalyst, is cal-
ulated with the recognized method based on the curves of CO
tripping voltammetry [44,45], through the Eq. (6) as follows:

EAS = QCO

G × 420
(6)

here QCO is the charge quantity for CO desorption electroox-
dation in microcoulomb (μC), and 420 (μC cm−2) the charge
equired to oxidize a monolayer of CO on alloy catalyst, and G
epresents the total metal loading (μg) in the electrode.

The calculation results in the similar SEAS values,
06.8 m2 g−1 for PtRuMo/C and 102.3 m2 g−1 for PtRu/C.
herefore, SEAS may be excluded from the major factors for

he distinction of their catalytic activities.

.5. Evaluation of catalytic activities

A lot of recent studies focused on the ethanol oxidation
ith Pt-based catalysts [10,11,18,46–49] have led to a gen-

rally accepted mechanism for the ethanol oxidation. In the
rst step, the cleavage of O H bond, which is similar to

hat in the methanol oxidation, generates ethoxy species of
H3CH2O, which is subsequently transformed into acetalde-
yde CH3CHO. The final step in the mechanism involves
he oxidation of acetaldehyde CH3CHO, which takes place
hrough various paths and produces a great diversity of prod-
cts, including acetate ion CH3COO−, acetone CH3COCH3,
rotonaldehyde CH3CH CHCHO, acetyl CH3CO, methane,
arbonate ion CO3

2−, CO, CO2, and other hydrocarbons. Most

roduct species, as well as reactant species, will adsorb on the
atalyst surfaces at lower potentials. The species of metal OH,
hich is generated by dissociative adsorption of H2O on the

atalyst surface, enables the ethanol oxidation at low potentials,

s
c
d
e

olution of 0.5 mol L−1 CH3CH2OH and 0.5 mol L−1 H2SO4 at 25 ◦C on the
tRuMo/C and the Pt-Ru/C nanoparticles. Scan rate: 0.02 V s−1.

ut inhibits it at high potentials due to the strong association
etween OH group and the catalyst surface. Therefore, when
he cyclic-voltammetric measurement is performed with the thin
lm electrode in the solution of 0.5 mol L−1 CH3CH2OH and
.5 mol L−1 H2SO4 at 25 ◦C with PtRuMo/C and PtRu/C as
nodic catalysts, the current peaks, which is arising from the
thanol oxidation, can be observed in either the forward or the
ackward potential scanning process, as shown in Fig. 4. The
erformance of the PtRu/C nanoparticles presented here is the
est available result obtained from various samples prepared
y the same method and from the same precursors. Although
he current-onset potentials near 0.55 V for both PtRuMo/C and
tRu/C are essentially the same, the peak current density of
0.8 mA cm−2 at the potential of 0.921 V (versus RHE) dur-
ng the forward potential scanning process on PtRuMo/C can
e distinguished clearly from that on PtRu/C, 20.1 mA cm−2 at
.935 V. The backward scanning process results in the similar
ituation, 21.2 mA cm−2 at 0.774 V for PtRuMo/C compared
ith 13.2 mA cm−2 at 0.785 V for PtRu/C. In brief, the peak

urrent of PtRuMo/C is about 10.7 mA cm−2 higher than that of
tRu/C, while its current-peak potential is about 14 mV lower

han that of PtRu/C. Accordingly, the performance of PtRuMo/C
or the ethanol electrooxidation can be considered superior to
hat of PtRu/C. The superposition of the two CV curves at low
otentials (0.05–0.45 V) indicates the similarity of the two dis-
inct catalysts in respects of the active sites and the specific area,
hich matches the result of the CO-stripping measurement.
For the anodic catalysts, the CO-tolerance can be evaluated

ith the steady-state current densities on the chronoampero-
etric curves, as depicted in Fig. 5, which was the result of
easurement at 25 ◦C in the Ar-saturated solution system of

.5 mol L−1 CH3CH2OH and 0.5 mol L−1 H2SO4 with the con-
tant potential jump from 0.1 to 0.8 V. The initial high current

orresponds mainly to double layer charging. Then the current
ecays with time in the parabolic style until reaching the appar-
nt steady-state within 600 s. The high current density on the
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ig. 5. Chronoamperometric curves of ethanol electrooxidation in an Ar-
aturated solution of 0.5 mol L−1 CH3CH2OH and 0.5 mol L−1 H2SO4 at 25 ◦C
n the PtRuMo/C and the PtRu/C nanoparticles. Potential jumps from 0.1 to
.8 V.

tRuMo/C nanoparticles, compared with that on the PtRu/C
anoparticles at the same potentials, indicates the superior CO-
olerance of PtRuMo/C, matching the above prediction of the
yclic voltammetry.

One of the requirements as catalysts for DEFC is the dura-
ility in the acidic solution, which can be roughly judged by
he stabilized current densities on the amperometric i–t curves.
he curves in Fig. 6 were obtained at 25 ◦C with PtRuMo/C and
tRu/C in the Ar-saturated solution of 0.5 mol L−1 CH3CH2OH
nd 0.5 mol L−1 H2SO4 at the fixed potential of 0.8 V (versus
HE). The current gradually decreases and finally stabilizes
n about 60 min. The higher current density for PtRuMo/C,
.6 mA cm−2 versus 2.1 mA cm−2 for PtRu/C at 10,000 s, fur-
her distinguishes the superiority of PtRuMo/C over PtRu/C,
ith respect to the catalytic activity and durability.

ig. 6. Amperometric i–t curves of ethanol electrooxidation the PtRuMo/C and
he PtRu/C nanoparticles in an Ar-saturated solution of 0.5 mol L−1 CH3CH2OH
nd 0.5 mol L−1 H2SO4 at 25 ◦C at a fixed potential of 0.8 V.
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.6. XPS revelation

Since many factors, including the particle morphology, parti-
le size, particle structure, compositional homogeneity, and the
lectrochemically active specific area, have been excluded from
ausing the differentiation of the catalytic activity between the
wo nanoparticles catalysts, the PtRuMo/C and the PtRu/C, the
ttention is naturally drawn to their metal oxidation states on sur-
aces, for which the XPS analysis is appropriate in consideration
f their suitable particle sizes.

The core level spectra of Pt 4f and Ru 3p for PtRuMo/C
anoparticles are depicted in Fig. 7a and b, respectively. The
inor Ru 3p region was chosen to do analysis because the
ajor Ru 5d region overlaps the carbon 1s region. The two
ost intense peaks in Fig. 7a, located at the binding energies of

0.95 eV (for Pt 4f7/2) and 74.33 eV (for Pt 4f5/2), maintain an
rea ratio near 4:3 as expected theoretically for pure Pt (71.20 eV
f Pt 4f7/2 and 74.53 eV of Pt 4f5/2), and although their positions
ave been shifted lower [36]. Hence, there is no doubt that they
riginate from metallic Pt0. The peaks at 71.72 and 75.82 eV
an be attributed to Pt2+ in the form of PtO or Pt(OH)2, which
an be electrochemically reduced [36,38,50], while the peak at
4.56 eV arises from Pt4+, possibly in PtO2. The result of decon-
olution indicates a phase composition which contains 72.7%
f Pt in metallic Pt0, 15.7% in Pt2+ (as PtO or Pt(OH)2), and
0.6% in Pt4+ as PtO2 [37,38,50]. In spite of the low intensity
nd therefore the relatively high background noise contribution
n the Ru 3p core level region, the Ru 3p3/2 spectrum was decon-
oluted into two peaks located at 459.92 and 462.52 eV, which
re characteristic of Ru0 and RuO2, respectively [21,37,40]. The
alculation shows that the large fraction of Ru (about 82.5%) is
n the metallic state Ru0, while a much smaller fraction exists
s RuO2 (about 17.5%).

The characteristic Mo doublet peak of 3d5/2 and 3d3/2 in
ig. 7c, which originates from the spin–orbit coupling effect,
as to be treated cautiously, because a variety of Mo oxidation
tates contribute to this overlapping 3d region [50,51], among
hich Mo5+ is the most abundant species found in all samples

nd possibly existing as Mo2O5 or MoO(OH) 3 [52]. Through
econvolution of Mo 3d region of the spectra, the peaks can
e associated with their corresponding oxidation states as fol-
ows: the Mo2Ox peak (for 0 < x ≤ 3) is located in the region
f 228.2–228.5 eV (where includes the previously reported
o2O3 peak at 228.45 eV [50]), MoO2 at 229.50 eV, Mo5+ at

31.05 eV, metallic Mo at 231.94 eV [26], and MoO3 at around
32.60 eV, whereas the area ratio of 3d3/2 and 3d5/2 turns out to be
:3.

Fig. 8a and b illustrates the data for PtRu/C in the similar
ay. The spectrum of Pt 4f (70.98 eV of Pt 4f7/2 and 74.40 eV
f Pt 4f5/2) for PtRu/C in Fig. 8a resembles that in Fig. 7a for
tRuMo/C. It manifests that in the PtRu/C system Pt contains
0.7% of metallic Pt0, 16.8% of Pt2+ (as PtO or Pt(OH)2), and
3.5% of Pt4+ (as PtO2). Similarly, the Ru 3p spectrum in Fig. 8b

emonstrates that Ru is composed of 85.7% of metallic Ru and
4.3% of RuO2.

Considering the notable observation that no peak arising
rom other elements appears in the systems of both PtRuMo/C
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Fig. 7. XPS core level spectra for the (a) Pt 4f, (b) Ru 3p, a

nd PtRu/C, there is no doubt here that the ions from other
etal salts were completely removed during their pretreatment

rocess.

.7. Analysis of Mo influence

The enhanced performance of PtRuMo/C nanoparticles
lectrocatalyst, compared with that of PtRu/C, has hereby
een ascribed to Mo additive, the effect of which can be
xplored from three aspects: the bifunctional mechanism, the
ydrogen-spillover phenomena, and the modification of Pt
lectronic states.

The bifunctional mechanism has been established in the pre-
ious studies as follows [28]:

oOx + H2O → (MoOx)-OHads + H+ + e− (7)

t-(CO)ads+(MoOx)-OHads → CO2 + H+ + Pt + MoOx + e−

(8)

t can be seen that MoOx promotes the water activation, which
enerates the species of OHads to oxidize CO subsequently.
his accounts for the enhanced activity of the PtRuMo/C
anoparticle catalyst during the process of ethanol electroox-

dation.

On the other hand, recent researches on Pt-WOx nanophases
ndicated that hydrogen on the top site of Pt atom could migrate
o the site over WOx at the positive potential in such a process

a
a
o
i

) Mo 3d photoemission from the PtRuMo/C nanoparticles.

hat can be described with the following Eq. (9) [23,53,54]:

t-H + WOx → Pt + H-WOx (9)

hich is the so-called “hydrogen spillover” from Pt to WOx. The
ransfer of hydrogen liberates the Pt active sites, which otherwise
ould have been blocked by hydrogen during the electrooxida-

ion of methanol. A similar situation in PtRuMo/C nanoparticles
an be imagined here, with the following proposed scheme of
he hydrogen-spillover process [29]:

oOx + Pt-Hads → HMoOx + Pt (10)

uch a process relieves the CO-style poisoning process caused
y the adsorption of hydrogen.

In addition, as the Mo oxides consist of mixed-valences,
oOx are relatively stable in acid solution and have relatively

igh electronic conductivities in the surface of the PtRuMo/C
anoparticles, owing to their rutile-type structure with the short
etal–metal distance along the shared edges [28,29].
Finally, the data in Figs. 7 and 8 indicate clearly that the shift

f the Pt spectra increases by adding the Mo into the catalyst
ystems, although there is no obvious quantitative relationship.
he increased shift with Mo can be considered as the evidence

hat Mo modifies the electronic states of Pt. The modification of
lectronic states for Pt may subsequently change the catalytic

ctivity of platinum in the ethanol electrooxidation process. In
ddition, the transfer of the electron density from Mo to Pt may
ccur, since the electronegativity of Mo is 1.96 while that of Pt
s 2.28. The apparent effect is that the catalytically active sites
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ig. 8. XPS core level spectra for the (a) Pt 4f and (b) Ru 3p photoemission
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re increased because the coverage of COads on the Pt surface is
educed due to the decreased Pt-CO binding energy.

In summary, the improved performance of PtRuMo/C
anoparticles may be the cooperative result of the bifunctional
echanism, the hydrogen-spillover effect, and the modification

f the Pt electronic states. And the further investigations will
larify the intrinsic mechanism of this catalyst.

. Conclusions

For the ethanol electrooxidation in H2SO4 solution, the
tRuMo/C nanoparticle catalyst, formed through the reduction
f inorganic precursor salts with NaBH4, is superior to the
imilarly synthesized PtRu/C catalyst, in aspects of the cat-
lytic activity, the CO-tolerance, and the durability in the acidic
olutions. Most common factors, including the particle size,
orphology, the compositional homogeneity, and the electro-
hemically active specific area, have been excluded from playing
he major roles to distinguish PtRuMo/C as the superior cata-
yst when it is compared with PtRu/C. The effect of Mo in the
tRuMo/C nanoparticles is explained through the bifunctional

[

[
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echanism, the hydrogen-spillover effect, and the modification
f the Pt electronic states.

The enhanced activity of the PtRuMo/C nanoparticle is surely
hrowing some light on the research and development of effective
EFC catalysts. The experiments to further illustrate the rule of
o are on the way, with the catalysts dispersed in the membrane

lectrode assembly (MEA) to be evaluated in the DEFC single-
ell test. The future project includes the life-testing process to
bserve the long-term performance of catalysts.
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