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bstract

PtRuO2/Ti anodes with a varying Pt:Ru ratio were prepared by thermal deposition of a PtRuO2 catalyst layer onto a Ti mesh for the direct

ethanol fuel cell (DMFC). The morphology and structure of the catalyst layers were analyzed by SEM, EDX, and XRD. The catalyst coating

ayers became porous with increase of the Ru content, and showed oxide and alloy characteristics. The relative activities of the PtRuO2/Ti electrodes
ere assessed and compared using half-cell tests and single DMFC experiments. The results showed that these electrodes were very active for the
ethanol oxidation and that the optimum Ru surface coverage was ca. 38% for a DMFC operating at 20–60 ◦C.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The liquid fed direct methanol fuel cell (DMFC) is considered
potential power source for both stationary and transportation

pplications because of its simple construction, easy operation,
se of liquid fuel and its high efficiency [1,2]. However, obstacles
till prevent its widespread commercial application [3–5], these
nclude: low activity of the methanol electro-oxidation catalysts,

ethanol crossover from the anode to the cathode and carbon
ioxide gas generation and management.

Unlike other fuel cells, the liquid fed DMFC suffers from
ass transport limitations predominantly at the anode due to the

ow diffusion coefficient of methanol in water and the release of
arbon dioxide gas bubbles [5]. A methanol concentration gradi-
nt exists within the thickness of the catalyst layer, which results
poor utilization of the catalyst [6]. In addition, a methanol
iffusion limiting current is found in DMFCs using a low con-
entration methanol solution [7], which prevents a high power
ensity. Therefore, the conventional anode structure based on

∗ Corresponding author. Tel. +86 411 84379669; fax: +86 411 84665057.
∗∗ Corresponding author.

E-mail addresses: zhgshao@dicp.ac.cn (Z.-G. Shao),
enfeng.lin@ncl.ac.uk (W.-F. Lin).
1 Present address: Transformer Examining and Repairing Department of Nan-

ong Power Supply Company, No. 90, South Yuelong Road, Nantong, Jiangsu
26006, PR China. Tel.: +86 513 5163619.

i
[
a
p
[

f
[
h
o
t

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.06.037
he gas diffusion electrode employed in a proton exchange mem-
rane fuel cell is not good for transport of methanol and carbon
ioxide. Lately, a novel anode structure prepared by thermal
ecomposition of the corresponding metal chloride solutions
nto a titanium substrate has been developed [8–10]. In this
tructure, a fine Ti mesh, which benefit the methanol transfer
nd carbon dioxide removal, is used as a substitute for the con-
entional gas diffusion layer in the anode. This paper further
eals with the characterization of anodes with varying Pt:Ru
tomic ratios for methanol oxidation.

It is well known that the ratio of Pt to Ru has a dramatic
ffect on the performance of the catalyst for methanol oxidation.
wasita et al. [11] showed that the activity of smooth Pt–Ru elec-
rodes with Ru contents between 10 and 40 at.% were similar.
asteiger et al. [12] proposed an optimum surface composition
ear 10 at.% Ru at room temperature based on the need for hav-
ng three sites on Pt for methanol adsorption. Chu and Gilman
13] reported a maximum in activity for 50 at.% Ru between 25
nd 65 ◦C. Some results indicated that the optimum surface com-
osition was ca. 20 at.% Ru [14], 40 at.% Ru [15], and 50 at.%
16,17] for unsupported Pt–Ru alloy.

Although much work has been performed on Pt–Ru catalysts
or methanol oxidation, including unsupported Pt–Ru alloys

16,18,19] and Pt–Ru supported on carbon [20–22], very few
ave investigated the electrodes with the catalyst layer coated
nto a Ti mesh by thermal decomposition for methanol oxida-
ion. In this work, PtRuO2/Ti anodes with varying Pt:Ru ratios
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3.1. Electrode preparation and characterization

The relative content of surface Ru sites in the PtRuO2/Ti
as a function of Ru/(Pt + Ru) atomic ratio in precursor solution
14 Z.-G. Shao et al. / Journal of P

ere prepared by thermal deposition of the PtRuO2 catalyst layer
nto a Ti mesh. The morphology and structure of the catalyst
ayers are analyzed by SEM, EDX, and XRD. The relative activ-
ties of the PtRuO2/Ti electrodes are assessed and compared by
alf-cell tests and single DMFC experiments.

. Experimental

.1. Anode preparation

The hydrophilic anodes were prepared by direct deposition of
he PtRuO2 catalyst onto titanium mesh with a thermal decom-
osition method. The procedure was as follows: first, Ti mesh
as immersed in 10% oxalic acid at 80 ◦C for 1 h, then rinsed
ith Millipore water (18 M� cm). The mesh was then dipped

nto the catalyst precusor solution and allowed to dry in air.
his process was repeated several times until the desired catalyst

oading was achieved. The precursor solution was a mixture of
2PtCl6 and RuCl3 (0.2 M) in isopropanol. Afterwards, calcina-

ion was performed in air at 450 ◦C in a ceramic tube furnace for
h. Finally, the electrode was allowed to cool down to room tem-
erature and weighed. The electrodes so prepared are denoted as
tRuO2/Ti. The loading of PtRuO2 catalyst in the electrode was
bout 2 mg cm−2 for the half-cell tests. For single DMFC test-
ng, the loading of PtRu catalyst in the electrode was calculated
s 4 mg cm−2.

.2. Half-cell tests

Half-cell performance testing was performed in a conven-
ional three-electrode cell. The reference electrode was a sil-
er/silver chloride (Ag/AgCl) electrode in saturated KCl, which
as connected to the cell by a glass capillary. In this paper,
nless otherwise specified, all electrode potentials are quoted
ersus the Ag/AgCl reference electrode. Its potential versus
HE is 0.199 V at room temperature. The counter electrode
as a 2.5 cm × 2.5 cm Pt foil. The working electrode was a
cm × 0.5 cm Ti mesh coated with PtRuO2 catalyst. A Voltlab
GZ301 Dynamic-EIS was used to control potential/current.

First, cyclic voltammetry was carried out on all of the anodes
n N2-flushed 0.5 M H2SO4 with and without added 0.5 M
H3OH at room temperature (20 ◦C) and 60 ◦C. The electrodes
ere cycled between −0.2 and 0.7 V at a scan rate of 50 mV s−1

ntil the stable state of the electrode was reached. And then lin-
ar sweep voltammetry (LSV) was performed for the anodes
n N2-deaired 0.5 M H2SO4 in the presence of 0.5 M CH3OH
etween −0.2 and 0.5 V at a scan rate of 1 mV s−1.

.3. Preparation of membrane electrode assembly (MEA)

The cathodes were prepared according to the procedure used
n reference [23]. A Teflonised (20%) Toray TGPH-090 carbon
aper with a thin microporous layer of uncatalysed (XC-72R)
arbon, bound with 50 wt.% PTFE was used as the diffusion

ayer, and a mixture including catalysts (50% Pt/C, Johnson

atthey), 30 wt.% Nafion in iso-propanol was spread on the
iffusion layer as the catalyst layer. The PtRuO2/Ti electrodes
ere used as the anodes after being sprayed on 5 wt.% Nafion

F
p
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olution (EW 1100), equivalent to a dry Nafion loading of about
.6 mg cm−2. The cathodes and anodes were placed either side
f a pre-treated Nafion 117 membrane (Aldrich). This pre-
reatment involved heating the membrane at 80 ◦C for 2 h in
vol.% H2O2 and 2 h in 0.5 M H2SO4 before washing in boil-

ng Millipore water for 2 h. The assembly was hot-pressed at
0 kg cm−2 for 3 min at 135 ◦C.

.4. Single cell tests

For single cell testing, the geometrical area of all the anodes
nd cathodes was ca. 6.25 cm2 and the catalyst loading of all
he anodes and cathodes were 4 and 3.5 mg cm−2, respectively.
etails of the testing system of the single fuel cell were described

ully elsewhere [24]. A dilute methanol solution was fed to the
node inlet at a flow rate of 10 ml min−1 by a peristaltic pump
ithout pre-heating and back-pressure. Room temperature and

tmospheric oxygen gas was fed to the cathode inlet at a flow
ate of 200 ml min−1 without pre-heating and humidification.

.5. Physico-chemical characterization

A Jeol JSM-5300LV scanning electron microscope (SEM)
as employed to investigate the structures and morphology
f the mesh electrodes. Energy dispersive X-ray (EDX) spec-
roscopy was also employed for the characterisation of the elec-
rodes by a RONTEC spectrometer (made in Germany).

X-ray diffraction (XRD) patterns were obtained on a Philips
pert Pro diffractometer operating at 40 kV accelerating volt-

ge and 40 mA of beam current, and using Cu K�1 radiation.
iffraction peaks were attributed following the Joint Committee
f Powder Diffraction Standards (JCPDS) cards.

. Results and discussion
ig. 1. Surface concentration of Ru on PtRuO2/Ti vs. the concentration in the
recursor solution.
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s reported in Fig. 1. The Ru content of PtRuO2/Ti surface is

easured by EDX. From Fig. 1, a straight line with the slope

ngle of 45◦ is observed. It means that, in our experiment, the
u content of PtRuO2/Ti surface is nearly the same as that in

m
s
s

ig. 2. SEM micrographs of the PtRuO2/Ti anodes with: (a) 5.7 at.% Ru; (b) 11 at.% R
ayer surface.
Sources 161 (2006) 813–819 815

recursor solution. This implies that the thermal decomposition

ethod is convenient to control the catalyst loading and compo-

ition of Pt:Ru atomic ratio. Arico et al. [15] reported that a Pt
urface enrichment was observed for the Pt–Ru alloy with low

u; (c) 20 at.% Ru; (d) 38 at.% Ru; (e) 60 at.% Ru; (f) 95 at.% Ru on the catalyst
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respectively. The particle size of the thermally decomposed cat-
alyst is slightly bigger than that of the commercial Pt–Ru black.
It may be explained by the fact that the former is prepared at a
Fig. 3. EDX spectral

u content in the bulk. It is different from our results. This can
e explained by the fact that the conditions of catalyst prepara-
ion are different. In our experiment, the PtRuO2/Ti electrodes
ere prepared at high temperature in air. This oxidative treat-
ent will lead to a pronounced Ru surface enrichment due to the
uch stronger Ru–O bonds as compared with Pt–O [18]. This

ffect may counteract the influence of a Pt surface enrichment
n Pt–Ru alloy, so the Ru content of PtRuO2/Ti surface is nearly
qual to that in precursor solution.

Fig. 2 shows SEM images of the PtRuO2/Ti electrodes with
ifferent Pt:Ru atomic ratio. It is seen that there are many cracks
n the catalyst surface, which may be formed during the decom-
osition of chlorine compounds and evaporation of 2-propanol.
he surface of the coating layer with low Ru content is smooth,
nd the cracks on the surface are small. The coating becomes
orous and the cracks become wide when the Ru content in the
oating layer increases. This effect may be attributed to the dif-
erence of the decomposition rate between H2PtCl6 and RuCl3.

A typical EDX spectrum is shown in Fig. 3, and the atomic
atio of Ru/(Pt + Ru) is about 38%. The characteristic peak of
i cannot be found in Fig. 3. This indicates that the Ti mesh is
lmost fully covered by the PtRuO2 catalyst layer. The XRD
esults of plain Ti mesh, commercial Pt–Ru black, and the
tRuO2/Ti are shown in Fig. 4. From XRD pattern of commer-
ial Pt–Ru black in Fig. 4, it is clearly observed that typical peaks
f the bimetallic Pt–Ru alloy phase are: 40.7◦, 46.6◦, 69.1◦, and
2.7◦ in 2θ, and typical peaks of the Ti substrate are also clear
isible. For the PtRuO2/Ti electrodes, the peaks of the Pt–Ru
lloy phase are at 40.0◦, 46.3◦, 67.7◦, and 82.0◦ in 2θ, and they
re at lower 2θ angles than that of the commercial Pt–Ru black.
his implies that the former has a larger lattice parameter and
ess Ru content than the latter according to Vegard’s law [25]. It is
lso noticeable that the peaks at 28.0◦, 35.0◦, and 54.3◦ in 2θ are
ound from XRD pattern of the PtRuO2/Ti, which indicates that
tO2 and/or RuO2 are formed in the PtRuO2/Ti electrodes, as the

F
P

sis of the PtRuO2/Ti.

eak positions of �-PtO2 and RuO2 are almost the same. Jang
nd Rajeshwar [26] studied the thermal analysis of RuCl3·nH2O
nd H2PtCl6, and found that the decomposition temperature of
uCl3·nH2O was about 350–450 ◦C, and the major thermolysis
roduct in air was RuO2; whilst the decomposition temperature
f H2PtCl6 was at about 400–600 ◦C, and the major thermolysis
roduct in air was Pt. In our experiments, the PtRuO2/Ti elec-
rodes were prepared at 450 ◦C. Therefore, the oxide species in
he catalyst on the PtRuO2/Ti electrodes were RuO2. The mean
article size of the agglomerates were evaluated from the line
roadening of the (2 2 0) peaks by using the Scherrer formula.
hese were estimated to be about 2.6 and 4.1 nm for the com-
ercial Pt–Ru black and the thermally decomposed catalyst,
ig. 4. XRD pattern of Ti mesh, the PtRuO2/Ti electrode, and unsupported
t–Ru black (atomic ratio Pt:Ru = 1:1) from Johnson Matthey.
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Fig. 7. Activity of the PtRuO2/Ti as a function of Ru/(Pt + Ru) atomic ratio,
taken from LSVs (scan rate = 1 mV s−1, PtRuO loading around 2 mg cm−2,
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ig. 5. Steady-state cyclic voltammograms of Ti mesh and PtRuO2/Ti (44 at.%
u) in 0.5 M H2SO4 + 0.5 M CH3OH; scan rate 50 mV s−1, room temperature.

igher temperature (450 ◦C) than the latter. The concentration
f the precusor solution has a significantly effect on the particle
ize and activity of the catalyst. This will be published in another
aper [27]. In order to reduce the influence of the concentration
f the precursor solution, in our experiments, the concentration
f precursor solution was fixed at 0.2 M which included both
2PtCl6 and RuCl3.

.2. Half-cell tests

Fig. 5 compares the CVs of the PtRuO2/Ti and Ti mesh in
he presence of 0.5 M H2SO4 + 0.5 M CH3OH, and it is clearly
een that titanium has little activity of methanol oxidation and
he effect of the plain Ti mesh can be neglected. The onset
otential of methanol oxidation is observed at around 200 mV
or PtRuO2/Ti anode. Linear sweep voltammetries for the
tRuO2/Ti electrode with 38 at.% Ru in 0.5 M H2SO4 + 0.5 M
H3OH at 20 and 60 ◦C are shown in Fig. 6. From Fig. 6, it is
een that the activity of the methanol oxidation for PtRuO2/Ti
lectrode markedly increases with the operating temperature.
his result is to be expected from the increase of methanol oxi-
ation kinetics with temperature.

ig. 6. Linear sweep voltammetries for the PtRuO2/Ti with 38 at.% Ru in 0.5 M

2SO4 + 0.5 M CH3OH; scan rate 1 mV s−1.
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.5 M H2SO4 + 0.5 M CH3OH) at 20 ◦C. The activities were calculated on the
asis of the PtRuO2 total loading.

Fig. 7 shows mass activities of methanol oxidation for the
tRuO2/Ti electrodes at constant potentials of 0.2, 0.3, and
.4 V versus Ag/AgCl during linear sweep voltammetry mea-
urements as a function of Ru/(Ru + Pt) atomic ratio at 20 ◦C.
he atomic ratio of Ru and Ru + Pt is obtained by EDX measure-
ents. The potentials 0.2, 0.3 and 0.4 V are chosen because these

overed the practical DMFC operating range. As may be seen
rom Fig. 7, two peaks are found in the plots, one is at 10 at.%,
nther one is at 38 at.%. Moreover, the optimum Ru/(Pt + Ru)
tomic ratio at room temperature is 38 at.% with separately high-
st output current densities of 5.6, 21.6 and 44.9 mA mg−1 cm−2

t 0.2, 0.3 and 0.4 V, respectively. This feature is consistent with
hat reported by Arico et al. [15], they found the optimum sur-
ace composition was ca. 40 at.% Ru for unsupported PtRu alloy
s anode catalyst in DMFC. However, the activity of PtRuO2/Ti
lectrodes with Ru contents between 10 and 38 at.% is better than
hat with Ru <10 at.% and Ru >38 at.%. This is in agreement with
he results reported by Iwasita et al. [11]. Nevertheless, Gasteiger
t al. [12] reported an optimum surface composition was near
0 at.%. Chu and Gilman [13] reported a maximum in activity
or 50 at.% Ru in the bulk between 25 and 65 ◦C. This can be
xplained by the fact that the conditions of catalyst preparation
nd the electrolyte are different.

The mass activities for the PtRuO2/Ti electrodes at 60 ◦C
bserved at constant potentials of 0.2, 0.3, and 0.4 V have
een plotted versus the Ru at.% content in the catalysts sur-
ace (Fig. 8). As shown in Fig. 8, it is observed that the change
n methanol oxidation behavior is remarkable, and the electrode
ith 38 at.% Ru content displays a best performance. It is also

nteresting to note that the optimum range of Ru content with
ood activity shifts from 10–38 at.% at 25 ◦C to 38–56 at.% at
0 ◦C. This may be interpreted on the basis of the well known,
ifunctional mechanism of methanol oxidation [13,17,28–30].
ccording to this mechanism, Pt is the species responsible for

issociative dehydrogenation of methanol, while the Ru sites
rovide a source of oxygenated species for removal of carbon
ontaining fragments. The chemisorption and subsequent dehy-
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Fig. 8. Activity of the PtRuO /Ti as a function of Ru/(Pt + Ru) atomic ratio,
t
0
b

d
t
S
o

3

a
a
f
b
a
o

p
c
H
f

F
w
C

F
6
0

a
R

4

p
f
f
P
a
c
t
e

2

aken from LSVs (scan rate = 1 mV s−1, PtRuO2 loading around 2 mg cm−2,
.5 M H2SO4 + 0.5 M CH3OH) at 60 ◦C. The activities were calculated on the
asis of the PtRuO2 total loading.

rogenation of methanol on Ru sites is significantly less favored
han on Pt sites, but is strongly activated by temperature [31,32].
o a Ru rich sample might be expected to perform better at higher
perating temperature.

.3. Single cell performance

Fig. 9 shows the comparison of the performance of DMFCs
t 20 ◦C with the different anodes using aqueous 0.5 M methanol
s the anode feed and atmospheric oxygen gas as the cathode
eed. As shown in Fig. 9, the best performance was obtained
y using the anode with a 38 at.% Ru content, followed by 10
nd 50 at.% Ru. This activity sequence is consistent with that
btained in above half-cell tests.

The effect on the performance of DMFCs of raising the tem-

erature to 60 ◦C is demonstrated in Fig. 10. It is seen that the
ell with 38 at.% Ru anode still displays the best performance.
owever, the cell with 50 at.% Ru anode displays a superior per-

ormance to that with 10 at.% Ru anode. It indicates that there

ig. 9. Polarization curves for DMFCs with different PtRuO2/Ti anodes at 20 ◦C,
ith atmospheric oxygen gas feed at the cathode (200 ml min−1) and 0.5 M
H3OH feed at the anode.

A

(
t
D

R

ig. 10. Polarization curves for DMFCs with different PtRuO2/Ti anodes at
0 ◦C, with atmospheric oxygen gas feed at the cathode (200 ml min−1) and
.5 M CH3OH feed at the anode.

re significant temperature effects on the activity of the 50 at.%
u anode.

. Conclusions

PtRuO2/Ti anodes with varying Pt:Ru ratios have been pre-
ared by thermal deposition of the catalyst directly onto Ti mesh
or a liquid fed DMFC. The thermal decomposition method was
ound to be convenient to control the catalyst loading and the
t:Ru atomic ratio. The catalysts showed oxide and alloy char-
cteristics as determined by XRD. It was found that the surface
omposition of PtRuO2/Ti anodes had a significant influence on
he performance of the DMFCs. The optimum Ru surface cov-
rage is ca. 38% for a DMFC operating in the range 20–60 ◦C.
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