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bstract

The annealing treatment and pH were controlled to prepare a bimetallic PtRu/C anode catalyst by the citrate-stabilized chemical reduction
ethod. X-ray diffraction and X-ray photoelectron spectra revealed that the catalyst before the annealing treatment showed smaller size particles
ainly composed of metallic platinum and hydrous ruthenium oxide. The anhydrous RuO2 increased with increase in the annealing temperature

rom 250 ◦C to 400 ◦C. The linear sweep voltammetry (LSV) results showed that the non-annealed catalyst had the highest current density at a
iven potential. Also, the particle size varied with the stabilizing pH. A homogenous catalyst was prepared at a pH of 7 in the laboratory. The

article size was about 2.39 ± 0.46 nm with 14.62 at% ruthenium in the PtRu alloy. The maximum LSV current density was 66.4 mA mg−1 PtRu at
.45 V with an onset potential of 0.12 V (versus SCE). The catalyst when tested in a single cell DMFC produced a power density of 67.5 mW cm−2

t a current density of 240 mA cm−2.
2006 Published by Elsevier B.V.
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. Introduction

An investigation of methanol eletrooxidation in a direct
ethanol fuel cell (DMFC) shows a severe poisoning of a con-

entional Pt/C catalyst because of the formation of by-products
uch as CO. However, a bimetallic PtRu/C catalyst can perform
etter due to electronic effects [1,2] and the bi-functional mech-
nism [3,4] in which the active oxygen required for the methanol
letrooxidation can be provided by ruthenium dissociating H2O
t a lower positive potential than metallic platinum. Recently,
uch attention has been directed to the study of the relationship

etween the cell performance and the microstructure of catalysts.
t has been suggested that the PtRu alloy structure contributes
ittle to the performance of the catalysts [5]. It is the hydrous
uthenium oxide RuOxHy (or RuO2·xH2O) and not the PtRu

lloy or the anhydrous RuO2, that improves the performance of
n electrocatalyst [6,7]. This conclusion has been supported by
u et al. [8] through a pattern-recognition methodology. Thus,

∗ Corresponding author. Tel.: +86 10 62784827; fax: +86 10 62881150.
E-mail address: xiexf@tsinghua.edu.cn (X. Xie).
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he development of ruthenium oxide supported platinum cata-
ysts, through the design and selectivity of the morphology, has
ecome the subject of several investigations [9].

The performance of bimetallic PtRu/C catalysts is dependent
n a specific process [10], size, surface structure [11], morphol-
gy, etc. Since Turkevich used citrate for the preparation of Pt
anoparticles in 1986 [12], several researches are studying the
se of citrate as a water-soluble stabilizer to obtain Pt nanopar-
icles. Lin et al. [13] experimentally demonstrated the different
oles of citrate as a reductant or a stabilizer and that the reducing
eaction could not take place below 90 ◦C. The size-dependence
f the Pt/C catalysts on the concentration of citric acid has been
eported by Guo et al. [14] who had proposed a citrate com-
lexation stabilizing mechanism. The electrochemical removal
f citrate stabilizer and the immobilization of Pt hydrosol are
roposed in another work [15]. The commonly used annealing
reatment decreases the electrochemical activity of the catalyst
16]. Unfortunately, not many studies have been reported in this

rea. On the other hand, it has been known for sometime that
H influences the chemical equilibrium of weak carbonyl acid
nd thus the stabilizing effect [17]. Turkevich et al. [12] has
tudied pH effects on Pt nanoparticles prepared with citrate as a

mailto:xiexf@tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.07.021
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The performance test was conducted in a single cell DMFC at
Y. Xu et al. / Journal of Pow

eductant and a stabilizer. Recently, Shimazaki et al. [16] have
iscussed the malfunction of citric acid as a stabilizer in acid
ondition.

In the present study, citrate-stabilized PtRu/C anode catalysts
ere prepared systematically. Annealing treatment and stabiliz-

ng pH were separately controlled to develop homogeneous dis-
ersed catalyst with adequate hydrous ruthenium oxide to pro-
ote the catalyst activity. X-ray diffraction (XRD), X-ray pho-

oelectron spectrum (XPS), transmission electron microscopy
TEM) and the electrochemical LSV were carried out to measure
he catalyst compositions, alloying, size and size distribution.
urther, a single cell DMFC performance measurement was
ade to demonstrate the electrocatalytic activities of a prepared

atalyst.

. Experimental procedures

.1. Preparation of PtRu/C electrocatalysts

A 20 wt.% PtRu/C electrocatalyst with a Pt to Ru molar
atio of 1:1 was prepared by citrate-stabilized chemical reduc-
ion method. Vulcan carbon powder XC-72R with a specific
ET area of 250 m2 g−1 and an average size of 40 nm was pur-
hased from Cabot Corporation and used as a support. 114 mg of
C-72R which was pretreated for 2 h at 600 ◦C in nitrogen atmo-

phere was dispersed in deionized water. Then, 5 ml of 9.65 mM
hloroplatinic acid and 6 ml of 7.65 mM ruthenium chloride
olutions were added. Sodium citrate was added in a molar ratio
f 2:1 to platinum. The suspension was diluted to 100 ml and
ltrasonicated for 30 min. Subsequently, a 1 M NaOH aqueous
olution was added drop wise to adjust the pH to 11, followed by
igorous stirring at 50 ◦C for 10 h to achieve an equilibrium. An
xcess of 1 M sodium borohydride solution was added to the ink
o serve as a reducing agent. The temperature was maintained at
0 ◦C for another 4 h to ensure a complete reduction. All chem-
cals used were analytical grade. The prepared catalysts were
ltered, washed thoroughly and dried in an air oven at 80 ◦C
or 2 h. The annealing treatments were conducted at 250 ◦C and
00 ◦C for 2 h in a tube furnace under nitrogen atmosphere. Four
ther such catalysts were prepared at the pH values of 5, 7, 9 and
3 to study pH effect on the electrocatalytic activity of PtRu/C
atalysts.

.2. Physicochemical characterizations

Powder X-ray diffraction patterns were obtained using a
ruker D8-Discover micro X-ray diffractometer with a Cu K�
radiation source (λCu K� = 1.5406 Å) at 40 kV and 40 mA.

he particle dispersion, size and size distribution of the elec-
rocatalysts were characterized by TEM techniques using the
EOL-200CX instrument operating at 200 kV. High-resolution
EM patterns of nanocrystals were studied on a JEM-2010F
icroscope at 200 kV. Further, the energy dispersive spec-
roscopy (EDS) analysis was carried out with an Oxford INCA-
ET200 attached to the microscope. The TEM sample is pre-
ared by ultrasonically suspending the catalyst in ethanol and
hen depositing a small drop of the suspension onto a Ø 3 mm

6
m
c
p
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opper grid covered with continuous amorphous carbon film.
he X-ray photoelectron spectrum (XPS) was obtained with
PHI Quantera SXM spectrometer using Al monochromatic
-ray source operating at 4.0 kV. Observed spectra were de-

onvoluted by the Peakfit software fitted with the Gaussian
unction.

.3. Electrochemical measurements

Electrochemical measurements were carried out by a stan-
ard three electrode cell at ambient temperature with a saturated
alomel electrode (SCE) as the reference electrode, Pt foil as
he counter electrode, and a glassy carbon (GC) electrode with
he synthesized catalyst as the working electrode. All potentials
eported in this paper are with SCE as the reference electrode.
he GC electrode, with a diameter of 3 mm, was polished with
0.05 �m alumina suspension before each measurement. The

reparation of the test electrode was as follows: 5 mg catalyst
as dispersed into the mixture of 1.65 ml ethanol and 0.35 ml
.1 wt.% Nafion solution by sonicating for 20 min, and then
0 �l of the slurry was pipetted with a syringe and spread onto
he mirror-polished GC electrode to obtain a metal loading
f 0.01 mg PtRu. After totally covered, the working GC elec-
rode was dried for 10 min at 65 ◦C. The three electrode cell
ystem was purged with nitrogen gas for 30 min before the elec-
rochemical analysis. All electrochemical measurements were

ade under nitrogen atmosphere. The linear sweep voltam-
etry was performed with a potentiostat (EG&G Princeton,
odel 263A) in the range from −0.25 to 0.45 V after proper

ctivation in 0.5 M H2SO4 solution. The third LSV curve was
ecorded at 5 mV s−1 in the solution of 0.5 M H2SO4 and 0.5 M
H3OH.

.4. Membrane electrode assembly (MEA) fabrication and
uel cell testing

The above prepared catalyst was tested as a methanol elec-
rooxidation catalyst in a single direct methanol fuel cell.
atalyst was coated on either side of the membrane using

he catalyst coated membrane (CCM) technique. Nafion 115
embrane was used as the membrane material. A mixture of

atalyst and 5 wt.% Nafion solution was first ultrasonicated
nd then uniformly sprayed onto the membrane with a cross-
ection area of 5 cm2 and dried, followed by hot pressing
t 150 ◦C and 5 MPa for 2 min with the gas diffusion lay-
rs(GDLs). The gas diffusion layers used in the MEA were
repared from hydrophobic carbon paper Toray-90, coated with
mixture of PTFE and XC-72R powder. The anode catalyst

as a loading of 2.73 mg PtRu cm−2. The cathode catalyst was
0 wt.% Pt/C catalyst (Johnson Matthey) with a loading of
mg Pt cm−2.
0 ◦C and 75 ◦C after being activated. The anode fuel was 1 M
ethanol aqueous solution at a flow rate of 3 mL min−1. The

athode uses air at a flow rate of 300 standard cubic centimeters
er minute (sccm) at zero psig.
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. Results and discussion

.1. Effects of annealing temperature

The XRD pattern of the prepared catalyst was presented in
ig. 1a. The XRD results of the same sample after 250 ◦C and
00 ◦C annealing treatment are shown as curves b and c, respec-
ively. There are four peaks of metal Pt face-centered cubic (fcc)
iffraction—Pt(1 1 1), Pt(2 0 0), Pt(2 2 0) and Pt(3 1 1) and are a
ittle shifted to a higher 2θ values from 39.76◦, 46.24◦, 67.45◦
nd 81.28◦ for pure Pt fcc indicating the reduction in lattice
onstants because of Ru substitution. The lattice parameters, for
xample, for PtRu alloy in Pt(2 2 0) can be estimated from XRD
iffractions by Vegard’s law [18].

fcc =
√

2λCu Kα

sin θmax
(1)

here λCu K� = 1.5406 Å for the X-ray wavelength. θmax was
he angle at the maximum Pt(2 2 0) peak. Also, the alloying Ru
tomic fraction xRu could be estimated from the following rela-
ionship [19].

Ru = afcc0 − afcc

Ku
(2)

here lattice constant afcc0 = 3.9155 Å for supported platinum
btained from XRD data. Ku = 0.124 Å is a constant factor.
he calculated results were 34.8%, 30.8% and 36.4% for the
atalysts before and after annealed at 250 ◦C and 400 ◦C, respec-
ively, showing that the annealing treatment did not significantly
ffect the degree of alloying. Meanwhile, no recognizable metal-
ic ruthenium diffraction was observed in Fig. 1a, implying
hat the ruthenium may not only enter Pt fcc-lattice to estab-
ish PtRu alloy but partially exist as hydrous ruthenium oxide,

ot being clearly discerned by X-ray diffraction [7]. Further-
ore, new diffraction peaks at the 2θ positions of 28.1◦, 35.1◦

nd 54.3◦ typically indicate the presence of anhydrous ruthe-
ium oxides rather than the platinum oxides which could not be

ig. 1. XRD patterns of PtRu/C catalysts before annealing (a), after annealing
t 250 ◦C (b) and 400 ◦C (c).
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ormed by annealing below 400 ◦C [6]. A conclusion might be
rawn that the hydrous RuO2·xH2O tends to become anhydrous
uO2 by self-dehydration. After annealed at 400 ◦C, the cata-

yst XRD curve has noticeable RuO2 diffraction peaks. Even at
50 ◦C, a proposal temperature for the removal of citrate [16],
his diffraction occurs. The particles grow in size as the anneal-
ng temperature increases as shown by XRD patterns, the peaks
ecoming narrow and pointed. According to Scherrer equation
18], the catalyst has the smallest size of 2.84 nm before anneal-
ng and the size increase to 3.66 nm, and 4.76 nm after annealed
t 250 ◦C and 400 ◦C, respectively.

The XPS spectra of the catalysts before and after annealing
reatment at 400 ◦C are shown in Fig. 2. The results obtained
y the deconvolution of the XPS spectra are summarized in
able 1. The Pt4f spectrum consists of three couples of dou-
lets with low binding energies (BE) of 71.29 eV, 72.6 eV, and
4.63 eV. The most intense doublet of 71.29 eV and 74.63 eV are
ttributed to a zero-valence metallic platinum which is shifted a
ittle to a higher BE than that of the bulk Pt element (71.29 eV
nd 74.63 eV) due to the interactions between Pt nanoparticles
nd carbon support or the ruthenium species [20]. The doublet
f 72.47 eV and 75.78 eV indicates the presence of amorphous
t(II) species, and the broad doublet of 76.4 eV and 77.96 eV is
ssigned to the Pt(IV) species. The percentage of metallic plat-
num in the catalyst surface increased from 55.15% to 62.80%
fter the annealing treatment probably due to some removal of
he citrate stabilizer. Since the Ru3p spectra are too weak to be
recisely extracted from the noise background, the Ru3d region
ogether with C1s signal are comprehensively analyzed. In paral-
el, a Pt/C catalyst without Ru was prepared by the same method
nd the C1s XPS spectrum (not shown here) was analyzed, being
econvoluted into three peaks, 284.4 eV, 285.6 eV and 288.1 eV.
he most intensive peak of 284.4 eV was assigned to carbon
raphite C1s, and the other two peaks are both attributed to car-
on bonded to oxygen, C O and COO−, respectively [21]. As
or the PtRu/C, the BE of 280.1 eV and 280.7 eV are assigned
o metallic Ru and anhydrous RuO2 (see the Fig. 2c and d).
nfortunately, the hydrous RuOxHy at 282.2 eV [22] and the
igher oxidation state ruthenium, RuO3 at 282.7 eV or RuO4 at
84 eV [20] could not be accurately determined because of the
verlap with C1s signal. The XPS data (Table 1) suggest that the
tomic ratio of anhydrous RuO2 to metallic Ru increased from
:6 to nearly 9:1 after 400 ◦C annealing treatment, probably due
o the loss of water in hydrous RuO2·xH2O from changing to
nhydrous RuO2 initiated below 200 ◦C, or a slight oxidation of
etallic Ru to anhydrous RuO2 by trace oxygen in the nitrogen

s well [7]. This enrichment in anhydrous RuO2, in conjunction
ith the appearance of RuO2 diffraction peaks in XRD spec-

rum, would explain the discrepancy in electrochemical activity
s discussed below.

Fig. 3 shows the LSV curves for methanol electrooxidation
n the catalysts before and after catalyst was annealed at 250 ◦C
nd 400 ◦C. Each of the curves is the average of three parallel

easurements. The LSV upper potential was fixed as 0.45 V

o avoid anodic Ru electrooxidation and dissolution at a higher
otential. The figure shows that the non-annealed catalyst has the
ighest current density (34.2 mA mg−1 PtRu) at the potential of
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Fig. 2. Regional XPS of 20 wt.% PtRu/C nanocatalyst in Pt4f before annealing (a), after annealing at 400 ◦C (b); and in C1s + Ru3d before annealing (c), after
annealing at 400 ◦C (d). The inserts in (c and d) are magnified deconvolution spectra between 278 eV and 282 eV for Ru3d.

Table 1
Binding energies and surface compositions from deconvolution of XPS spectra for catalysts before and after annealing at 400 ◦C

Catalyst Species Binding energy (eV) Peak half width (eV) Possible chemical state Relative concentrations (%)

PtRu/C (before annealing) Pt4f 71.29 1.12 Pt0 31.61
74.63 1.12 Pt0 23.54
72.47 1.46 Pt(II) 11.04
75.78 1.45 Pt(II) 8.26
76.40 4.06 Pt(IV) 14.57
77.96 4.09 Pt(IV) 10.97

Ru3da 280.1 0.67 Ru0 35.55
284.2 0.66 Ru0 24.11
280.7 0.98 Ru(IV) 24.19
284.8 0.99 Ru(IV) 16.16

PtRu/C (after annealing at 400 ◦C) Pt4f 71.29 1.27 Pt0 35.78
74.63 1.27 Pt0 27.02
72.60 1.57 Pt(II) 9.61
75.96 1.58 Pt(II) 7.19
74.61 5.25 Pt(IV) 11.68
77.96 4.27 Pt(IV) 8.72

Ru3d 280.1 1.0 Ru0 6.32
284.2 1.0 Ru0 4.29
280.8 1.17 Ru(IV) 53.59
284.9 1.18 Ru(IV) 35.80

a These deconvolution spectra of Ru are only taking into consideration metallic Ru and RuO2 without considering hydrous ruthenium or higher oxide state species.
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Fig. 3. Linear sweep voltammograms of methanol oxidation, 20 wt.% PtRu/C
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atalysts in nitrogen saturated 0.5 M CH3OH + 0.5 M H2SO4 solution, room
emperature, scanning rate 5 mV s−1, catalyst metal loading 0.01 mg PtRu cm−2

efore annealing (a), after annealing, 2 h at 250 ◦C (b) and 400 ◦C (c).

.45 V. The current densities decay dramatically after annealing
reatment. The higher the annealing temperature used, the lower
he current density for the oxidation of methanol would proceed.
his result shows that the non-annealed catalyst exhibits the best
lectrocatalytic activity for methanol electrooxidation probably
ue to temperature effects. As the temperature increases, the
gglomeration takes place and the particles grow in size causing
bad dispersion of the nanoparticles and a decrease in active

atalytic area. Anhydrous RuO2, which was observed to form
n annealing, does not contribute to any activity enhancement.
t was the hydrous ruthenium oxide that most likely takes part in
he electrooxidation activity of PtRu/C catalyst by serving as a
ource of active oxygen for the methanol oxidation reaction [6].
he annealing treatment was usually carried out to remove the
armful citrate stabilizer to improve the catalyst performance.
owever, this removal of stabilizer might limit the immobiliza-

ion of the nanocrystalline particles resulting in agglomeration,
ize growth, and detachment from the carbon support [15].
he non-annealed electrocatalyst is better for methanol elec-

rooxidation than that annealed at 250 ◦C or higher, in that the
isadvantages of size growth and loss in the catalyst promoter
hydrous RuO2·xH2O) outweigh the advantage resulting from
he removal of the stabilizer.

.2. PH effect evaluation

.2.1. TEM and XRD analyses
In order to evaluate the stabilizing effect of citrate at different

H values, the pH of the aqueous solution was adjusted and kept
t 5, 7, 9 and 13 before chemical reduction. For all the samples,
o annealing treatment was carried out. Fig. 4 presents the TEM
mages of the prepared catalysts. By manually measuring diam-

ters of 200 randomly selected particles with clear boundaries
n TEM images, the distribution of the catalysts nanoparticles
ynthesized at pH 7 and 9 are obtained and shown in Fig. 4e
nd f, respectively. Such statistically measured mean sizes and

b
c
a
s

urces 162 (2006) 132–140

tandard deviations of synthesized catalysts at pH 5 and 11 are
lso listed in Table 2. The mean size of PtRu nanoparticles varies
reatly with the pH values: 4.42 nm at pH 5, 2.38 nm at pH 7,
.66 nm at pH 9, and 3.36 nm at pH 13. The TEM image shows
hat the well-dispersed catalyst with uniform size distribution
an be obtained at pH 7 (see Fig. 4g). Thus, neither an acidic
or a basic solution, but a neutral solution is favored for stabi-
izing effect of the citrate. In addition, the inductively coupled
lasma (ICP) of the filtrate was examined for evaluating the
ompleteness of the reaction. The total losses of Pt and Ru were
ound to be below 2 wt.% within the permissible experimental
rror. And EDS analysis indicates the broader the area scanned,
he lesser is the deviation from the designed atomic ratio of 1:1.

The XRD patterns are shown in Fig. 5. The calculated crys-
allite size and Ru atomic fraction in PtRu alloy are presented
n Table 2. The first two peaks of Pt(1 1 1) and Pt(2 0 0) overlap
ach other due to the broadening effect of nanoparticles except
or the catalyst prepared at pH 5. No distinct metallic ruthenium
r anhydrous ruthenium oxide was detected in any of the sam-
les. The Pt fcc structure shows certain degree of alloying with
u, which was calculated through the peaks of fcc (2 2 0). The
attern is shown in the insert in Fig. 5. As presented in Table 2,
he mean sizes basically agree with the statistically obtained
ata from TEM analysis. The minimum size occurs when the
H value was kept at 7 consistent with TEM results. As for
lloying structure, more PtRu alloy was formed at the higher
H values. The ruthenium fraction reaches 46.75% at pH 13,
lmost half the catalyst bulk amount. Ruthenium was present
n the form of metallic alloy with platinum and not as hydrous
uthenium oxide. It may be concluded that the alloying degree
f PtRu/C catalysts can be controlled by the stabilizing pH.

.2.2. Stabilizing pH effects
The dependence of the citrated-stabilized PtRu/C catalysts

n the stabilizing pH could be discussed as follows. The
tabilizing effect of citrate anion directly relates to the chemical
quilibrium of citrate. The solution pH should be kept above
he pKa3 of citric acid, namely 5.66 to ensure the deprotonation
f citric acid and the functioning of citrate stabilizer. As for the
atalyst prepared at pH 5, the particle growth might result from a
ack of citrate anion (cit3−) [16]. For other samples, in the pres-
nce of citrate anion, it is proposed that the citrate complexation
f Pt(IV) would be formed to realize the stabilizing effect [14].
t the same time, the hydrolysis of PtCl62− [23] occurs in basic

olution in competition with the citrate complexation reaction of
t(IV). The hydrolyzed products become dominant in a solution
ith a high pH value and hence the citrate complexation of
t(IV) may be disfavored in a high pH solution, which leads

o the malfunction of citrate anion as a stabilizer. Moreover, an
ncrease of pH value may result in the increase of the ion strength
n the solution. Even the citrate complexation occurs at high pH
alue, the strong ion strength destabilizes the citrate-stabilized
latinum hydrosol particles. The electrostatic interaction

etween non-occupied electrons of citrate anion and negatively
harged carbon surface repulse each other [24] leading to
gglomeration or the non-homogeneous distribution on carbon
upport. In addition, the alloying degree of PtRu/C catalysts
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Fig. 4. LM-TEM images of citrate-stabilized 20 wt.% PtRu/C catalysts prepared at pH 5 (a) and 13 (b); the HR-TEM images of citrate-stabilized 20 wt.% PtRu/C
catalysts prepared at pH 7 (c) and 9 (d); size distribution for catalysts prepared at pH 7 (e) and 9 (f); LM-TEM images of citrate-stabilized 20 wt.% PtRu/C catalysts
prepared at pH 7 (g).
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Fig. 4. (Continued ).

Table 2
Characterization results of XRD, TEM and Electrochemical performance for citrate-stabilized 20 wt.% PtRu/C catalysts prepared at different pH values

Citrate-stablized 20 wt.%
PtRu/C catalysts

2θmax B2θ (◦) Ru fraction
(at%)a

Particle size (nm) Electrochemical activities

XRD TEM Onset Potential (V)b Current density at 0.45 V
( mA mg−1 PtRu)

Varied pH values
5 67.7 1.78 2.36 5.31 4.42 ± 2.14 – 3.5
7 68.0 3.7 14.62 2.56 2.39 ± 0.46 0.12 66.4
9 68.4 3.5 30.78 2.71 2.58 ± 0.62 0.15 40.1

11c 68.5 3.5 34.80 2.72 – 0.17 33.9
13 68.8 2.7 46.75 3.52 3.36 ± 1.45 0.2 13.5

and 0

c
t
c
p
l

F
p

3

a Ru atomic fraction in PtRu alloy according to Vegard’s law.
b Onset potential is estimated from difference between LSV in 0.5 M H2SO4
c Data of catalyst synthesized at pH 11.

an be controlled by the stabilizing pH due to the steric resis-

ance among citrate complexation of Pt(IV). With less Pt(IV)
omplexed with citrate at high pH solution, more ruthenium
recursor might quickly transfer and be reduced into the alloy
attices without steric resistance from citrate anion stabilizer.

ig. 5. XRD patterns of citrate-stabilized 20 wt.% PtRu/C catalysts prepared at
H 5 (a), 7 (b), 9 (c), and 13 (d); insert profile Pt(2 2 0).
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.5 M H2SO4 + 0.5 M CH3OH; potentials are vs. SCE.

.2.3. Electrochemical characterization
Methanol electrooxidation on catalysts synthesized at differ-

nt stabilizing pH values were tested and the results are presented
n Fig. 6. The catalyst prepared at pH 5 had nearly no activ-
ty. And at the neutral condition (pH 7), catalyst showed the
ighest methanol oxidation current density of 66.4 mA mg−1

tRu measured at 0.45 V. The current density decreased as the
H increased, 40.1 mA mg−1 and 13.5 mA mg−1 PtRu at pH 9
nd 13, respectively. The onset potentials were estimated from
he difference between the LSV in 0.5 M H2SO4 and 0.5 M

2SO4 + 0.5 M CH3OH. These results are also summarized in
able 2. The lower onset potential for methanol oxidation corre-
ponds to the higher electrocatalytic activity, indicating a better
vailability of active oxygen, which is required for the methanol
xidation reaction. Therefore, the catalyst synthesized at pH 7
xhibited superior electrocatalytic activity with the lowest onset
otential for methanol electrooxidation.

.3. Fuel cell performance
Based on the LSV results, the performance test on a single
MFC with citrate-stabilized 20 wt.% PtRu/C catalysts synthe-

ized at pH 7 as anode catalysts was conducted at 65 ◦C and
5 ◦C. The results are presented in Fig. 7. The voltage was seen
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Fig. 6. Linear sweep voltammograms of methanol oxidation, 20 wt.% PtRu/C
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atalysts prepared at different pH, in nitrogen saturated 0.5 M CH3OH + 0.5 M

2SO4 solution, room temperature, scanning rate 5 mV s−1, metal loading
.01 mg PtRu cm−2.

o drop with the increasing current density. The steady-state
olarization curves can be divided into the activation polar-
zation reflecting the methanol electrooxidation at the anode
nd the linear ohmic polarization, mainly affected by inter-
al resistance. There seems to be no significant mass-transfer
olarization under the experimental conditions. The fuel cell
hen operated at 75 ◦C performed consistently better than at
0 ◦C and the difference became larger as the current density
as increased. In activation polarization region, the voltage of

he cell operated at 75 ◦C slightly exceeded when operated at
0 ◦C at the same current density with an open-circuit voltage
OCV) 0.021 V higher, showing a better electrocatalytic activity
t a higher working temperature. Power density has also been

btained from cell potential and current density data as shown
n Fig. 7. The maximum power density was 67.5 mW cm−2 for
DMFC performance at the current density of 240 mA cm−2.

ig. 7. DMFC performance at 60 ◦C and 75 ◦C, citrate-stabilized 20 wt.%
tRu/C catalysts prepared at pH 7, anode catalysts loading 2.73 mg PtRu cm−2;
athode catalyst 60 wt.% Pt/C, metal loading 3 mg Pt cm−2, 1 M methanol, flow
ate 3 mL min−1, air flow rate 300 sccm, zero psig.
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. Conclusion

Bimetallic PtRu/C anode catalysts were prepared by a chem-
cal reduction method stabilized by sodium citrate in an aqueous
olution. Catalyst characteristics were studied before and after
nnealing treatment at 250 ◦C and 400 ◦C. The non-annealed
atalyst exhibits better electrocatalytic activity for methanol
lectrooxidation due to its small particle size and narrow size
istribution, as well as enrichment in hydrous ruthenium oxide.
atalysts prepared at a stabilizing pH in the range of 5–13 were

nvestigated for the pH effect on the catalyst activity. The results
howed that a stabilizing pH 7 had the greatest effect on the elec-
rocatalytic activity of the catalyst due to acitrate complexation
tabilizing effect and the reduction in PtRu alloy. A single cell
est with the prepared anode catalyst produced an output power
ensity of 67.5 mW cm−2 at a current density of 240 mA cm−2

t 75 ◦C.
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