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bstract

PtRu/C and PtRu black catalysts with nominal Pt:Ru atomic ratio of 1:1 are prepared by a modified polyol process (co-reduction of metal
recursor salts) as anode catalysts for direct methanol fuel cells (DMFCs). Without the carbon support, PtRu nanoparticles tend to agglomerate,
hile the PtRu nanoparticles in PtRu/C have a good dispersion as shown by TEM. Both PtRu black and PtRu/C have the almost same alloy
egree indicated by XRD, but PtRu supported on carbon could improve the influence of Ru on Pt toward methanol oxidization as shown by cyclic
oltammetry. The microstructure of PtRu/C is further studied by high-resolution transmission electron microscopy (HRTEM), and the results
ndicate that the lattice constant of Pt in PtRu electrocatalyst has contracted despite a few parts of Pt not alloyed with Ru due to the lattice constant

f Pt without contracting, which is further proved by the results of temperature-programmed reduction (TPR). Such parts of unalloyed Ru are
urther proved to have ability to reduce the methanol oxidation potential on Pt by comparing the catalytic behaviors of Pt/C and Pt + Ru/C prepared
y mixing carbon with separately prepared Pt and Ru colloids. Moreover, the catalytic behaviors of PtRu black and PtRu/C are also compared with
hose of commercial ones.

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

PtRu/C catalysts are the most effective anode catalysts of
irect methanol fuel cells (DMFCs) due to the complete oxi-
ation of methanol to CO2 via a bifunctional mechanism,
hich involves the abstraction reaction of hydrogen through

he adsorption of methanol on Pt, forming a CO-like inter-
ediate species, and the complete oxidation of CO species

o CO2 promoted by OH group formed on neighboring Ru
nder relatively low potential [1–3]. It is desirable to reduce
he thickness of catalyst layer to improve mass transportation,
nd thus PtRu/C with high metal loading or even unsupported
tRu black have been used in DMFCs [4]. However, the syn-

hesis of highly dispersed supported and unsupported PtRu

ith uniform nanoparticle size remains challenges, especially

or unsupported and supported electrocatalysts with high metal
oading.

∗ Corresponding author. Tel.: +86 411 84379063; fax: +86 411 84379063.
E-mail address: gqsun@dicp.ac.cn (G. Sun).
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Recently, the polyol process is widely used to prepare Pt-
ased supported electrocatalysts. For example, Chen et al.
nd Liu et al. have reported a microwave method to pre-
are carbon black or carbon nanotubes supported Pt and
tRu catalysts [5,6]. We previously used a conductive heat-

ng method and synthesized Vulcan XC-72 supported Pt, PtSn,
tPd and PtRu electrocatalysts [7–10]. Bock et al. further stud-

ed the synthesis mechanism of Vulcan XC-72 supported PtRu
lectrocatalysts and found that glycolates produced from the
xidization of ethylene glycol stabilize the PtRu colloids [11].
rom those reported results, highly dispersed Pt-based supported
lectrocatalysts with metal loading less than 60 wt.% can be
btained. However, there are still no reports on the synthe-
is of unsupported PtRu black by polyol process for DMFCs,
nd the effect of carbon support on catalytic activity is still
nclear.

In this work, PtRu black and 30–15 wt.% PtRu/C with nomi-

al Pt:Ru atomic ratio of 1:1 are prepared by a polyol process for
MFCs and their microstructures, oxidation states and activi-

ies are characterized and compared with commercial PtRu black
nd PtRu/C by X-ray diffraction (XRD), transmission electron

mailto:gqsun@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2007.02.085
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icroscopy (TEM), temperature-programmed reduction (TPR),
ingle cell performance test, anode polarization voltammetry
nd methanol stripping voltammetry. The effects of carbon sup-
ort, alloying degree and unalloyed Ru on catalytic behaviors
re discussed.

. Experiment section

.1. Catalyst preparation

H2PtCl6·6H2O and RuCl3 were used as precursors for
he PtRu catalysts. Vulcan XC-72 carbon black (Cabot Corp.
BET = 236.8 m2 g−1) oxidized by concentrated H2O2 was used
s catalyst support. 30–15 wt.% PtRu/XC-72 catalysts were pre-
ared via the following procedure. Calculated H2PtCl6·6H2O
nd RuCl3 were added to the ethylene glycol solution to form a
rown solution with 2 mgPt+Ru mL−1 solvent. Then the pH value
f the solution was increased to above 13 with solution of sodium
ydroxide in ethylene glycol (EG). The solution was heated to
70 ◦C at a rate of 10 ◦C min−1 and kept at this temperature for
h to obtain brown-black sol. At this time, a calculated amount
f XC-72 was added to the above sol and stirred for half an hour
or the supported catalysts. For PtRu black catalysts, no carbon
as added. When the above solution was cooled to 80 ◦C, an

mount of diluted hydrochloric acid was added to adjust the pH
alue to below 3 in order to reduce the concentration of glycolate
hich acts as a stabilizer for the PtRu colloid. After the solution
as stirred for 12 h to settle the PtRu nanoparticles at 80 ◦C,

he obtained black product was filtered, washed and dried. The
rocess of preparing 30–15 wt.% Pt + Ru/XC-72 is similar to
he above process except that Pt and Ru colloids are separately
repared and mixed.

.2. Membrane electrode assemblies and cells

The membrane electrode assemblies (MEAs) were fabricated
ccording to the method in literature [12]. PtRu black, PtRu
lack (JM), 30–15 wt.% PtRu/XC-72, 30–15 wt.% Pt + Ru/XC-
2, 30–15 wt.% PtRu/XC-72 (JM) (JM-samples purchased from
ohnson Matthey Corp.) and 40 wt.% Pt/XC-72 (JM) were used
s anode catalysts. Except for PtRu black and PtRu black (JM)
ith Pt loading of 2.66 mg cm−2, the Pt loading of other anode

atalysts is 1.33 mg cm−2. 40 wt.% Pt/XC-72 (JM) served as
athode catalyst with the Pt loading of 1.4 mg cm−2. The MEA
as sandwiched between two stainless steel flow field plates to

orm a single cell with an active cross-sectional area of 4 cm2.

.3. Physical chemical characterization

XRD patterns were recorded with a Rigaku Rotalflex (RU-
00B) X-ray diffractometer using Cu K� radiation with a Ni
lter. The tube current was 100 mA with a tube voltage of 40 kV.
he 2θ angular region between 20◦ and 85◦ was explored at a

can rate of 5◦ min−1. The morphology and microstructure of
atalysts were investigated by using Tecnai F30 field emission
igh-resolution transmission electron microscope (HRTEM)
FEI Company) or JEOL JEM-2000EX for TEM and HRTEM
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mages. TPR experiments were carried out on ChemBET 3000
QuantaChrome Co.). The as-prepared catalysts were placed in a
-shape tube and were heated at 10 ◦C min−1 from 25 to 120 ◦C

nd held for 0.5 h and then cooled to room temperature under Ar.
PR experiments were performed under 10 vol.% H2/Ar from
5 to 850 ◦C at 10 ◦C min−1.

.4. Electrochemical characterization

Electrochemical activities of catalysts were first measured by
yclic voltammetry (CV) using a standard three-electrode cell
t the EG&G model 273 potentiostat/galvanostat station. The
orking electrode was a vitreous carbon disk electrode covered
y a thin layer of Nafion-impregnated catalyst. A platinum gauze
erved as the counter electrode and a saturated calomel elec-
rodes (SCE) was used as the reference electrode. CV test was
onducted in a solution of 0.5 M H2SO4 + 1 M CH3OH at room
emperature. Later the electrochemical activities of catalysts
n electrodes were further characterized by anode polarization
oltammetry and methanol striping voltammetry. All above elec-
rochemical experiments were carried at 75 ◦C with anode sides
ed by 1 M methanol at a flow rate of 1 mL min−1, and the cath-
de fed with humidified hydrogen at 0.1 MPa served as both
eference and counter electrode, designated as a dynamic hydro-
en electrode (DHE). The single cell performance was measured
n a fuel cell test system (Arbin Instrument Corp.).

.4.1. Anode polarization voltammetry
The anode potential was scanned at 1 mV s−1 starting at 0 V

versus DHE) and ending when the current reached 0.8 A.

.4.2. Methanol striping voltammetry
The anode potential was held at constant potential of 0.1 V

ersus DHE for 40 min. During the first 20 min, methanol was
dsorbed onto the anode fed with 1 M methanol at a flow rate
f 1 mL min−1. While during the second 20 min, the anode was
ashed with deionized water at a flow rate of 4 mL min−1 to

emove un-adsorbed methanol. Later, the anode potential was
ycled between 0.1 and 0.7 V at 20 mV s−1 for five cycles, and
he first and fifth cycles were recorded.

. Results and discussion

After adding some diluted HCl solution to drop the pH value
o below 3, the stability of the PtRu colloid is destroyed by
ecreasing the concentration of the colloid stabilizer—glycolate.
onsequently, the PtRu particles could deposit from the sus-
ended phase, and PtRu/C and PtRu black catalysts could be
repared. Fig. 1 shows the morphologies of polyol-synthesized
tRu/C and PtRu black catalysts. It is observed that PtRu/C has
etter metal particle dispersion, while unsupported PtRu black
ends to agglomerate. The structures of PtRu/C and PtRu black
long with commercial catalysts are further characterized by

RD as shown in Fig. 2. The relative data calculated from XRD
iffraction patterns by Scherrer formula are listed in Table 1.
xcept for a diffraction peak around 26.1◦ in the diffraction of
arbon supported Pt or PtRu catalysts, which could be attributed
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Fig. 1. TEM images of 30–15 wt.% PtR
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Fig. 2. XRD patterns of various catalysts.

o (0 0 2) crystalline plane of carbon with hexagonal structure,
ll the XRD patterns display the reflection characteristic of plat-
num face-centered cubic (fcc) crystal structure. Compared with
he XRD pattern of 40 wt.% Pt/XC-72 (JM), the 2θ angle shifts
f the Pt peaks reveal alloy formation between Pt and Ru. The
attice parameter of 30–15 wt.% PtRu/XC-72 and PtRu black is
.3876 and 0.3879 nm, respectively, and in both cases, is smaller

han that of 40 wt.% Pt/XC-72 (JM) (0.3914 nm, which is close
o the reported 0.3916 nm). The results suggest that a part of
u has entered into the crystal lattice of Pt. Calculated by the

t
m
p

able 1
ata calculated from XRD patterns by Scherrer formula

amples Particle size (nm) Lattice pa

0–15 wt.% PtRu/XC-72 1.82 0.3876
0–15 wt.% PtRu/XC-72 (JM) 2.20 0.3860
tRu black 2.64 0.3879
tRu black (JM) 2.45 0.3851
0–15 wt.% Pt + Ru/XC-72 2.40 0.3910
0 wt.% Pt/XC-72 (JM) 3.31 0.3914
u/XC-72 (a) and PtRu black (b).

ollowing formula [13]: lPtRu = 0.3916 − 0.124xRu (where lPtRu
s the lattice parameter of PtRu catalysts, and xRu is the per-
ent of Ru in the PtRu alloy), the alloying degree is about 32.3
nd 29.8%, respectively, for PtRu/C and PtRu catalysts, which
hows co-reduction of Pt and Ru precursors can form alloyed
tRu catalysts, and carbon support hardly has any effects on
lloying degree of PtRu catalysts prepared by polyol reduc-
ion method. In addition, compared with that of commercial
0–15 wt.% PtRu/XC-72 (JM) and PtRu black (JM), the alloying
egrees of the polyol-synthesized PtRu/C and PtRu black cata-
yst are low, and there are about 70 or 50 wt.% of Ru residing in
n amorphous phase for polyol-synthesized or commercial cat-
lysts, respectively. So 30–15 wt.% Pt + Ru/XC-72 is prepared
y mixing Pt and Ru colloids with carbon to study the effect of
nalloyed Ru on methanol oxidation characteristics of Pt, and
he XRD pattern is also shown in Fig. 2. The results show the lat-
ice parameter of Pt shrinks very little from 0.3914 to 0.3910 nm,
nd the diffraction peaks of Ru hexagonal close-packing struc-
ures are not observed. Then 20 wt.% Ru/XC-72 was prepared
y ethylene glycol reduction method, and the XRD pattern of
0 wt.% Ru/XC-72 is compared with that of Vulcan XC-72 as
hown in Fig. 3. The diffraction peaks are very similar, which
s probably due to the poor crystallization of polyol-synthesized
u.

The microstructures of 40 wt.% Pt/XC-72 (JM), 30–15 wt.%
tRu/XC-72, and 20 wt.% Ru/XC-72 are further studied by
he 0.228 and 0.198 nm spacings with a slight positive equip-
ent error in Fig. 4a are assigned to the Pt (1 1 1) and (2 0 0)

lanes (PCPDF#040802), respectively. While for 30–15 wt.%

rameter (nm) Pt (2 2 0) position (◦) Alloyed Ru (%)

68.40 32.3
68.72 45.2
68.34 29.8
68.91 52.4
67.73 –
67.64 –
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Fig. 3. XRD patterns of 20 wt.% Ru/XC-72 and Vulcan XC-72.

tRu/XC-72, the 0.222, 0.223 and 0.224 nm spacings in Fig. 4b
ssigned to Pt (111) plane shrink distinctly compared with
.228 nm of 40 wt.% Pt/XC-72 (JM), which shows that some
f Ru have alloyed with Pt in co-reduction process. However,
ome platinum particles unalloyed with Ru do exist as shown
y the un-contracted 0.228 and 0.227 nm spacings attributed to
t (1 1 1) plane (Fig. 4b). This is probably due to the fact that
ome Ru3+ ions fail to be reduced simultaneously with Pt4+ ions
s the redox potential of Ru3+/Ru (E0 ∼ 0.62V) is much lower
han that of Pt4+/Pt (E0 ∼ 0.74V) [14]. The structures of Ru as
ndicated by XRD patterns (Fig. 3) are mostly in poor crystal
orm as shown in Fig. 4c.

To clarify the chemical states of Pt and Ru in polyol-
ynthesized PtRu catalysts, TPR experiments are carried out
nd the TPR profiles are shown in Fig. 5. The peaks at around
10 and 510 ◦C are assigned to the reduction of RuOx to Ru,
nd of PtOy to Pt, respectively. The carboxylic oxides on the
urface of Vulcan XC-72 begin to be reduced at about 420 ◦C.
he negative peaks forming between 80 and 320 ◦C could be
ttributed to the desorption of hydrogen adsorbed on the surface
f Pt. Compared with the hydrogen desorption areas (HDA)
f commercial PtRu black (2 5 5) and PtRu/C (3 6 2), these of
olyol-synthesized PtRu black (4 7 4) and PtRu/C (6 0 5) are rel-
tive large, but these hydrogen desorption areas are still much
ower than that of 40 wt.% Pt/XC-72 (JM) (1 4 6 6). This result
ndicates that when Pt and Ru form alloy, the concentration of

atoms around RuOx locating on the surface of PtRu will be
igher than that around RuOx isolated from Pt. Then the reduc-
ion of RuOx on the surface of PtRu alloy will become easy, and
he onset reduction temperature of RuOx will reduce. When the
lloying degree decreases, the gap between Pt and Ru increases,
nd the role of adsorbed hydrogen on Pt for reducing the onset
eduction temperature of RuOx becomes weak. Thus, the des-
rption area of the catalyst could characterize the amount of Pt

nalloyed with Ru. Small one represents high alloying degree,
hile large one represents low alloying degree. Moreover, when
t and Ru form alloy, there is only one reduction peak between
10 and 510 ◦C for commercial PtRu black and PtRu/C. How-

w
R
i
c

ig. 4. HRTEM images of 40 wt.% Pt/XC-72 (JM) (a), 30–15 wt.% PtRu/XC-72
b), and 20 wt.% Ru/XC-72 (c).

ver, in the TPR profiles of polyol-synthesized PtRu black and
tRu/C, peaks around 310 and 510 ◦C still exist, which indicates
ome parts of Ru and Pt have not alloyed. This result is consistent
ith the result of HRTEM. From the TPR profiles of 20 wt.%

u/XC-72 and 45 wt.% Pt + Ru/XC-72, polyol-synthesized Ru

s in oxidized state, which is usually amorphous, and this result
an explain why the structure of Ru appeares amorphous by
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ig. 5. TPR profiles of different samples under flowing gas of 10 vol.% H2/Ar.
eating rate: 10 ◦C min−1.

RD. When polyol-synthesized PtRu catalyst by co-reduction

f metal salts, the peak of Ru reduction decrease dramatically,
hich indicates Ru is in metal state when Ru entering the lat-

ice of Pt, while unalloyed Ru and alloyed Ru exposing on the
urface are in form of oxidized state.

o
P
w
o

Fig. 6. Cyclic voltammetries of PtRu/C (a) and PtRu black (b) in 0
urces 168 (2007) 299–306 303

The electrochemical activities toward methanol oxidation of
he catalysts are characterized by CV in a solution of 1.0 M
H3OH + 0.5 M H2SO4 at room temperature, and the fifth cir-
les are recorded as shown in Fig. 6. The current density is
ormalized according to the amount of platinum to study the
nfluence of Ru. Comparing the CV curves of 40 wt.% Pt/XC-
2 (JM) and 30–15 wt.% PtRu/XC-72 (JM), the adding of Ru
reatly reduces the onset methanol oxidation potential on Pt and
ethanol oxidation peak and peak position potential of back-
ard potential sweeping. According to literatures [15,16], the

ormation of backward peak in CV is due to methanol oxida-
ion on reactivated oxidized Pt sites. Therefore, adding Ru could
educe reduction potential of oxidized Pt and the amount of reac-
ivated oxidized Pt sites in the potential range of backward peak
ormation, which means that it becomes difficult for reduction
f oxidized Pt after adding Ru. Compared with 40 wt.% Pt/XC-
2 (JM) under potential less than 0.454 V versus SCE, although
he methanol oxidation potential of 30–15 wt.% Pt + Ru/XC-72
s distinctly observed to shift negatively, which further testifies
hat unalloyed Ru could reduce the methanol oxidation poten-
ial on Pt [17,18], the backward peak is greatly larger and shifts

ore anodically than that of 30–15 wt.% PtRu/XC-72 prepared
y co-reduction of metal precursors, which indicates that a large
mount of Pt in Pt + Ru/C still shows the catalytic character-
stics of pure Pt, and the utilization of Ru is low. With the
ncrease in alloying degree, the onset methanol oxidation poten-
ial of 30–15 wt.% PtRu/XC-72 further shifts to lower potential,
nd the backward methanol oxidation peak decreases, which
hows that more amount of Pt are influenced by Ru and the
tilization of Ru could be improved by co-reduction of Pt and
u precursors. As for unsupported catalysts, although the for-
ard methanol oxidation peak is larger than that of commercial
tRu black, and they have almost same onset methanol oxida-

ion potential, the backward methanol oxidation peak is larger
han that of commercial one. This is probably due to the low
lloying degree of Pt in the polyol-synthesized PtRu black, and
ost of Ru residing where electrons could not arrive. More-
ver, although alloying degrees of PtRu black and 30–15 wt.%
tRu/XC-72 are almost identical as shown by XRD, the back-
ard methanol oxidation peak of PtRu/C is smaller than that
f PtRu black, suggesting that the influence of Ru on Pt toward

.5 M H2SO4 + 1 M CH3OH at 25 ◦C. Scan rate: 20 mV s−1.
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ethanol oxidation could improve after PtRu nanoparticles sup-
orted on carbon. This may be due to that carbon support could
rovide electron conduits for more unalloyed Ru, and thus more
u particles could provide OH species for alloyed or unalloyed
t nanoparticles to oxidize methanol under lower potential.
oreover, although the alloying degree of polyol-synthesized

tRu/C is lower than that of commercial PtRu/C as shown by
he results of XRD and TPR, the activity of polyol-synthesized
tRu/C is slightly higher than that of commercial one as shown in
ig. 6a.

Therefore, the above results indicate that the active material
f Ru is unalloyed Ru, which is constituted by amorphous RuOx.
he activity of PtRu is not determined whether Pt and Ru form
lloy or not, and it is determined by the dispersing degree of Pt
nd RuOx, and the utilization of RuOx. When Pt and Ru form
lloy, although the dispersing degree of Pt and RuOx could be
mproved, the utilization of Ru is likely low due to that alloyed
u in body phase do not participate in the methanol oxidation

eaction. From above discussion, the utilization of unalloyed Ru
ould be improved by co-reduction of Pt and Ru precursors or by
upporting PtRu nanoparticles on carbon in polyol-synthesizing
rocess.

Fig. 7 shows the anode polarization curves of the DMFCs
ith various catalysts. It is observed that methanol oxidation
otential on 30–15 wt.% PtRu/XC-72 is the lowest among all
he catalysts tested. More specifically, it shifts cathodically over
0 mV with respect to that of the second lowest methanol oxida-
ion potential from 30–15 wt.% PtRu/XC-72 (JM) under same
olarization current. The unalloyed 30–15 wt.% Pt + Ru/XC-72
as the highest methanol oxidation potential. However, com-
ared with the anode polarization curve of 40 wt.% Pt/XC-72
JM), the onset methanol oxidation potential on 30–15 wt.%
t + Ru/XC-72 is lower by about 200 mV. This indicates unal-
oyed Ru could greatly reduce the methanol oxidation potential
n Pt. Comparing anode polarization curves of the DMFCs with
olyol-synthesized and commercial PtRu black, the curve of

ig. 7. Anode polarization curves of single cells with various catalysts. Cell
emperature: 75 ◦C; scan rate: 1 mV s−1; anode: 1 mol L−1 CH3OH at a flow
ate of 1.0 mL min−1; cathode: humidified hydrogen under pressure of 0.1 MPa
t a flow rate of 60 sccm.
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erature: 75 C; scan rate: 20 mV s ; anode: 1 mol L CH3OH at a flow rate
f 1.0 mL min−1; cathode: humidified hydrogen at pressure of 0.1 MPa with a
ow rate of 60 sccm.

omemade PtRu black distinctly shifts to high potential by about
6 mV, which is likely due to that the utilization of unalloyed Ru
s low and that a large amount of Pt in polyol-synthesized PtRu
lack shows pure Pt catalytic characteristics as indicated by the
esults of CV.

The comparison of the in situ stripping behavior of adsorbed
ethanolic residues for these catalysts is shown in Fig. 8. It is

vident that with the addition of Ru by co-reduction of metal salts
r by mixing metal colloids, the peak positions of PtRu catalysts
hift toward lower potentials on account of the decrease in the
ctivation energy for methanol removal with respect to 40 wt.%
t/XC-72 (JM). By comparing the behaviors of PtRu black
nd 30–15 wt.% PtRu/XC-72, it is observed the 30–15 wt.%
tRu/XC-72 sample has the larger stripping area and lower
otential of methanol oxidation. Such evidences indicate PtRu
anoparticles supported on carbon and prepared by co-reduction
f metal salts have a larger amount of catalytic sites and rela-
ively high activity. In addition, comparing polyol-synthesized
tRu/C and PtRu black with commercial PtRu/C and PtRu black,

he methanol stripping areas of polyol-synthesized both PtRu/C
nd PtRu black catalysts are relative smaller and broader than
hose of commercial catalysts, but the methanol stripping peak
ositions of homemade catalysts shift to low anode potential
y about 29 or 10 mV for PtRu/C and PtRu black, respec-
ively. Such evidences indicate that large amount of unalloyed
t make polyol-synthesized PtRu catalysts have a low stripping
rea, and unalloyed Ru could further decrease the methanol
xidation potential on alloyed Pt particles besides unalloyed
nes.

The cell polarization and power density curves of the DMFCs
ith various catalysts at 75 and 90 ◦C are shown in Fig. 9. The

esults show that the DMFC with 30–15 wt.% PtRu/XC-72 as
node catalyst has the highest cell voltage under same discharg-

ng current density, and the highest discharge current density. Its

aximum power density could achieve 159 and 205 mW cm−2

t 75 and 90 ◦C, respectively, which are significantly higher than
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ig. 9. Cell polarization (a and c) and power density (b and d) curves of DMFCs
.0 mol L−1; anode: 1 mol L−1 CH3OH at a flow rate of 1.0 mL min−1; cathode

hese achieved by using the commercial 30–15 wt.% PtRu/XC-
2 (JM) catalyst (136 and 165 mW cm−2). Comparing the
erformances of the DMFCs with polyol-synthesized and com-
ercial PtRu black at 75 ◦C, the cell voltage of the DMFC with

olyol-synthesized PtRu black is lower than that of commer-
ial one under the current density of 340 mA cm−2 as shown in
ig. 9a, but the highest achievable discharge current is higher
or the DMFC with polyol-synthesized PtRu black. With cell
emperature increased to 90 ◦C, the gaps of cell voltage of the
MFCs with polyol-synthesized and commercial PtRu black
ecrease. These results indicate that lower utilization of unal-
oyed Ru and more Pt showing catalytic characteristics of pure
t in the polyol-synthesized PtRu black cause the DMFC to pro-
uce low voltage, but the active sites could increase by improving
he anode potential and cell working temperature. Moreover,
omparing the performances of the DMFCs with PtRu black
nd PtRu/C as shown in Fig. 9b and d, the effect of working
emperature on PtRu black catalyst is more significant than on

tRu/C, which is probably due to better mass transport property

n the PtRu black catalyst layer with thin thickness. The per-
ormance of the DMFC with 30–15 wt.% Pt + Ru/XC-72 is the
oorest when compared with other PtRu catalysts prepared by

R
c
b
p

arious catalysts at 75 ◦C (a and b) and 90 ◦C (c and d). Methanol concentration:
humidified oxygen at pressure of 0.2 MPa with a flow rate of 200 sccm.

o-reduction, but it is much higher than that with 40 wt.% Pt/XC-
2 (JM), which means that unalloyed Ru reduces methanol
xidation potential on Pt.

. Conclusion

In summary, PtRu black and PtRu/C have been prepared by
thylene glycol reduction method for DMFCs, and the effects of
arbon support, alloying degree and unalloyed Ru on catalysts’
ctivities have been investigated. Without the carbon support,
tRu black tends to agglomerate, while metal nanoparticles in
tRu/C have a good dispersion. This morphological difference is
esponsible for the observation that the methanol stripping peak
f PtRu black is much lower than that of anode with PtRu/C.
lthough PtRu black and PtRu/C have almost the same alloy
egree, PtRu/C shows a higher utilization of Ru and a greater
nfluence of unalloyed Ru on Pt than PtRu black because car-
on support could provide electron conduits for more unalloyed

u that in turn provides more OH species for Pt nanoparti-
les to oxidize methanol under lower potential. Such catalytic
ehavior of the unalloyed Ru and the low alloying degree of
olyol-synthesized PtRu catalysts make the methanol stripping
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eak areas smaller and broader, and peak positions shift to lower
node position than those of the corresponding commercial cat-
lysts.
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