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Abstract

The electrocatalytic oxidation of methanol was investigated on PtRu electrodes of different atomic compositions at
several temperatures (from 25 to 110 �C). Very active catalyst nanoparticles supported on active carbon (Vulcan XC
72) were obtained using the colloidal synthesis developed by Bönnemann et al. [11], allowing easy variation of the
atomic composition. These electrocatalysts were characterized by TEM, EDX and XRD; results indicate that they
consist of platinum nanoparticles decorated by ruthenium. Methanol oxidation was studied as a function of
composition, temperature and methanol concentration. Two effects were investigated: the effect of the working
temperature and the effect of the atomic composition. It appeared that for lower methanol electrooxidation
overvoltages, the best catalysts are ruthenium-rich, whereas at higher overvoltages the best one is the Pt + Ru
(80:20)/C composition, irrespective of the working temperature, either in half-cell or in a single DMFC.

1. Introduction

The electrocatalytic oxidation of methanol has been
thoroughly investigated [1, 2] because methanol is a very
convenient liquid fuel for fuel cells [3]. One of the key
problems for development of the direct methanol fuel
cell (DMFC) is the low electrochemical reactivity of
methanol at low and medium temperatures, which
necessitates the development of active Pt-based cata-
lysts.
Among several bimetallic Pt–M electrocatalysts con-

sidered, Pt–Ru seems to be the most effective in terms
of activity towards methanol oxidation and selectivity
towards the complete oxidation to CO2 [4–7].
For practical application to DMFC stacks, Pt–Ru

anodes with an atomic composition of 50:50 are
generally used; this is believed to be the optimum
composition for methanol electrooxidation [7, 8]. How-
ever, fundamental studies have shown that the best
electrocatalyst is obtained with a surface concentration
close to 80% Pt–20% Ru [4, 9, 10]. The controversy
about the optimum composition of Pt–Ru catalysts has
not yet been resolved. Indeed, most of the fundamental
studies were carried out at room temperature (�25 �C),
which is far from the working temperature of a DMFC
(50 to 150 �C). It is thus of interest to investigate the
electrocatalytic behaviour of several Pt–Ru anodes with

different composition between room and higher temper-
atures.
In this work, several PtRu colloid catalysts of

different composition were prepared either by coreduc-
tion of platinum and ruthenium salts in order to obtain
Pt–Ru alloys, or by mixing Pt and Ru colloids followed
by calcination on carbon powder in order to obtain
platinum decorated by ruthenium catalyst (Pt + Ru/C
catalysts), or by mixing Pt/C catalyst + Ru/C powders.
After physical characterization, their electrocatalytic
behaviour towards methanol oxidation was first evalu-
ated at different temperatures ranging from 20 to 50 �C
in a classical electrochemical half cell. Finally, fuel cell
tests were carried out at 110 �C to determine the
performances of these different electrodes under the
working conditions of a DMFC.

2. Experimental details

2.1. Synthesis of the colloidal precursors of Pt–Ru
catalysts

In order to easily vary the Pt/Ru atomic ratio, a new
preparation method was developed based on the syn-
thesis of colloidal precursors using the procedure
described by Bönnemann et al. [11], slightly modified.
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All experiments were carried out under argon, using
non hydrated salts in dry solvents. The first step
consisted in the synthesis of the reducing agent by
mixing a stoichiometric amount of tetraoctylammonium
bromide (Noct4Br) and potassium triethylhydroborate
(KBEt3H) in tetrahydrofuran as solvent (THF). After
elimination of the precipitated KBr, a solution of
tetraoctylammonium triethylhydroborate (Noct4BEt3H)
was obtained which reduced the platinum or ruthenium
salts according to the following reaction, written in the
case of platinum as

PtCl2 þ 2 Noct4BEt3H! Pt½Noct4Cl�2 þ 2 BEt3 þH2

In this way, the platinum nanoparticles were stabilized
by Noct4Cl, which acts as a surfactant protecting the
metal particles by its long alkyl chain. A colloidal
solution of Ru particles can be obtained in the same
way, as well as a colloidal solution of coreduced PtRu
particles.

2.2. Preparation and characterization of the methanol
anode catalysts

The colloid particles were adsorbed on Vulcan XC 72,
previously treated for four hours at 400 �C under
nitrogen to clean it, in order to obtain a catalyst loading
of 30 wt % based on the metal content. Before using
them as electrocatalysts, the organic surfactant shell of
the supported colloid catalyst must be removed by a
thermal treatment under air atmosphere at 300 �C. It
was shown by thermogravimetric analysis that this
treatment completely removes the surfactant shell with-
out modifying the particle size. This method was used to
prepare the following catalysts: Pt/XC 72; Pt–Ru/XC 72
(coreduction), Pt + Ru/XC 72, mixture of Pt/XC
72 + Ru/XC 72.
The dispersed catalyst powder was then added to a

mixture of 25 wt % (based on the powder content)
Nafion� solution (5 wt % from Aldrich) and ultrapure
water (Millipore MilliQ – 18 MW cm). After ultrasonic
homogenisation of the suspension, a given volume was
deposited onto a fresh polished glassy carbon substrate,
and the solvent was evaporated in a stream of ultrapure
nitrogen at room temperature. This gave a layer (around
1 lm thickness) of catalyst with a metal loading close to
0.07 mg cm)2.
The morphology and overall composition of the

dispersed catalyst were examined by transmission elec-
tron microscopy (TEM) and EDX analysis using a
Philips CM 120 microscope/EDX analyser equipped
with a LaB6 filament. To prepare the sample, a small
drop of the suspension was put on a copper grid and the
solvent was evaporated.
The crystallographic structure of the catalyst powders

was investigated by X-ray diffraction (XRD). Powder
X-ray diffraction patterns were recorded using a Sie-
mens diffractometer in Bragg–Brentano geometry. CuKa

X-ray radiation was used. The powder (50 mg) was

deposited on a Si wafer cut along a (511) plane to reduce
the background signal. The powder diffraction patterns
were refined with the Powdercell software. The starting
parameters were known by simulation made with the
Fullprof software for a Pt–Ru alloy or a mixture of two
phases (Pt and Ru).

2.3. Electrochemical measurements

The electrochemical equipment consisted of a Wenking
potentiostat (model LB75), a waveform generator
(Wenking VGS 72) and a X-Y-t recorder (LY1600,
Linseis). The electrochemical measurements were car-
ried out in a thermostat-controlled standard two com-
partment, three electrode electrochemical cell. The
supporting electrolyte was 0.5 M H2SO4 (Merk, Supra-
pure). The counter electrode was a glassy carbon sheet.
The reference electrode was a mercury/mercurous sul-
fate electrode (MSE) in contact with a saturated K2SO4

solution. This electrode was connected by a Luggin
capillary to the working electrode compartment. All
potentials are referred to that of the reversible hydrogen
electrode (RHE).
The activity towards methanol oxidation of dispersed

Pt–Ru electrodes with several atomic compositions
ranging from 50:50 to pure platinum was evaluated by
cyclic voltammetry at a very low sweep rate (1 mV s)1)
to simulate steady state conditions. Two concentrations
of methanol (0.1 and 1.0 M) were used and the temper-
ature was varied from 293 to 318 K (20 to 45 �C) by
5 �C step. The apparent activation energy was thus
determined and Tafel slopes were evaluated as a
function of temperature and catalyst composition.
The fuel cell tests in a single DMFC with a 5 cm2

geometric surface area were carried out with a Globe
Tech test bench. The E/j and P/j curves were recorded
using a high power potentiostat (Wenking model HP 88)
interfaced with a PC to apply constant current sequen-
ces and to store the data, and a variable resistance in
order to fix the current applied to the cell.
Anodes for DMFC were prepared from an ink

consisting of a mixture of Nafion� (5 wt % from
Aldrich) solution, isopropanol and catalytic powder,
brushed on a carbon gas diffusion electrode. Carbon gas
diffusion electrodes were home-made using a carbon
cloth from Electrochem Inc. on which was brushed an
ink made of Vulcan XC 72 carbon powder and PTFE
dissolved in isopropanol. The gas diffusion electrodes
were loaded with 4 mg cm)2 of a mixture of carbon
powder and 15 wt % PTFE. Prior to the preparation of
the membrane electrode assembly (MEA), the electrodes
were heated at 150 �C to recast the Nafion� film. The
metal loading of the electrodes was close to 1.5 mg cm)2

and the Nafion� loading of the electrode was
0.8 mg cm)2. The MEAs were prepared, by hot pressing
at 130 �C for 90 s under a pressure of 35 kg cm)2, a
pretreated Nafion�117 membrane with an E-TEK cath-
ode (2.0 mg cm)2 Pt loading, 40% metal/C, 40% PTFE,
0.8 mg cm)2 Nafion�) and with the home-made anodes.
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3. Results and discussion

3.1. Physicochemical characterization of Pt–Ru catalysts

Figures 1 and 2 show TEM pictures of Pt and Pt + Ru
(80:20) clusters, respectively, and Figure 3 gives the
corresponding particle size distribution based on the
observation made on 800 particles. The mean particle
size was calculated according to the relation
�ddTEM ¼ ð

P
nidiÞ=n where ni, di and n are the number,

diameter of particles and the total number of particles,
respectively. The mean diameter is close to 2 nm in the
cases of Pt/C, Pt–Ru/C and Pt + Ru/C and close to
1.5 nm in the case of Ru/C particles. The particle size
distribution is quite homogeneous. Taking the case of a
Pt + Ru (80:20) catalyst as an example, the EDX
analysis given in Figure 4 confirms the overall compo-

Fig. 1. TEM picture of a Pt colloid catalyst supported on Vulcan XC

72.

Fig. 2. TEM picture of a Pt + Ru (80:20) colloid catalyst supported

on Vulcan XC 72.

Fig. 3. Particle size distribution for Pt and Pt + Ru (80:20) colloid

catalysts supported on Vulcan XC 72 based on the observation of 800

particles.

Fig. 4. EDX composition analysis of Pt + Ru (80:20) colloid catalyst supported on Vulcan XC 72.
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sition. The Cu EDX signal is due to the copper grid
where the catalyst is deposited. Only the overall com-
position of the catalyst is known using this analysis, not
the surface composition.
Figure 5(a) and (b) show the powder X-ray diffraction

patterns of the Pt + Ru (80:20) supported catalyst. This
catalyst exhibits the characteristic diffraction peaks of
the platinum fcc structure. But, it can also be seen in
Figure 5(b) that the 2h value of diffraction peaks does
not shift when we compare the Pt + Ru and the Pt
catalysts. However, according to Vegard’s law for a true
alloy, the values of the cell parameter for bulk alloys
must decrease when the ruthenium content increases.
This means that the diffraction peaks must shift towards
lower 2h value when ruthenium is added. Moreover, if
we use the cell parameter for bulk alloys as determined

by Vogel et al. [12], we should obtain as lattice
parameter for the Pt–Ru (80:20) alloy aPtRu (80:20)¼
3.902 Å. But, the lattice parameter obtained for Pt and
Pt + Ru supported catalysts was the same in both case
(i.e., close to 3.923 Å) which is the lattice parameter for
platinum alone. Although the ruthenium contribution is
low, the shoulder corresponding to the Ru(101) peak
centred close to 2h¼ 44�, which is the most intense peak
in Ru diffraction patterns, is proof of the presence of a
metallic ruthenium phase. Therefore, it can be consid-
ered that in this case we are in the presence of platinum
particles decorated by ruthenium particles. On the other
hand, the diffractogram patterns of the coreduced Pt–
Ru catalyst displays a shift of the diffraction peak
towards lower 2h values when compared with platinum
alone. The cell parameter of pure platinum is 3.923 Å.

Fig. 5. XRD patterns of Pt + Ru (80:20) colloid catalysts supported on Vulcan XC 72. (a) Whole pattern; (b) Zoom between 2h¼ 30 and 55�.
Diffraction patterns: (n) experimental; (	) platinum; (- - - -) ruthenium; (o–o) simulation of Pt + Ru.
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From the shift of the XRD peaks it is possible to
calculate the new cell parameter aPt–Ru from the
following relation:

sin h ¼ ðh2 þ k2 þ l2Þ1=2

2a
(for a cubic stucture)

We found a value of 3.905 Å for aPt–Ru close to the
value of 3.902 Å calculated from Vegard’s law for a pure
Pt–Ru (80:20) alloy. The good agreement between the
theoretical and experimental values of the Pt–Ru (80:20)
cell parameter shows that, in this case, we have a Pt–Ru
alloy.

3.2. Electrochemical measurements

Before discussing the atomic composition effect, it is
very important to determine which method of catalyst
preparation leads to better performance towards meth-
anol oxidation. As an example, Figure 6 shows the j(E)
curves obtained with different catalysts. It appears
clearly that the best catalyst is not the alloyed one, nor
the mixture of the Pt/XC 72 and Ru/XC 72 powder, but
that consisting of the dispersion of Pt colloid + Ru
colloid on the same carbon support, the Pt + Ru/XC
72 catalyst, that is, the platinum particles decorated by
ruthenium particles. Indeed, the Pt + Ru/XC 72 leads
to higher current densities for the electrooxidation of
methanol than the other catalysts with the same atomic
ratio for potentials lower than 0.5 V vs RHE. This result
is confirmed by recent work of Waszczuk et al. [13]
and Brankovic et al. [14, 15], where electrocatalytic en-
hancement of methanol oxidation at platinum particles
decorated by ruthenium compared with alloys of the
same composition and CO oxidation at ruthenium

decorated by platinum compared to a commercial
platinum ruthenium catalyst was demonstrated.
The effect of platinum to ruthenium atomic ratio in

Pt + Ru/C catalysts is not of secondary importance. It
has an effect on the rate of methanol oxidation, which
can easily be seen. Figure 7 shows the cyclic voltammo-
grams recorded in 1 M MeOH solution at 298 K on
supported catalysts of different Pt/Ru atomic ratio
obtained at 1 mV s)1 between 0.00 and 0.65 V vs RHE,
potential range in which the anode catalysts display a
great stability and which is of great interest for the
DMFC. Two effects can be related to the presence of
ruthenium in the platinum based catalysts: the shift of
the beginning of the oxidation wave towards lower
potentials in the presence of ruthenium and especially
the values of the current density – referred to the
platinum mass – at a given potential which vary with
the ruthenium content. To compare the behaviour of the
different electrodes, the cyclic voltammetric curves were
redrawn as Tafel plots E¼ f(log j) in order to evaluate
the Tafel slopes.
Examples of the Tafel plots obtained with two

different methanol concentrations (0.1 and 1.0 M) are
given in Figures 8(a) and (b) and 9(a) and (b) for
T¼ 298 and 318 K, respectively. At first sight, it can be
seen that the Tafel slopes increase with increasing
ruthenium content, irrespective of temperature and
methanol concentration. In the case of pure platinum
electrocatalyst, the Tafel slopes obtained are close to
80 mV (decade))1 and 90 mV (decade))1 at 298 and
318 K, respectively, in good agreement with previous
results [16]. No change of these values with methanol
concentration was observed, indicating that no signifi-
cant increase in poisoning in this concentration range
occurs. In the case of the Pt + Ru catalysts, the Tafel

Fig. 6. j(E) polarization curves for methanol oxidation on PtRu (80:20)/C colloid catalysts prepared in different ways (0.5 M H2SO4, 1.0 M

MeOH, v¼ 1 mV s)1, T¼ 298 K). Key: (m) Pt/XC 72; (n) Pt + Ru/XC 72; (+) Pt/XC 72+Ru/XC 72; (·) Pt–Ru/XC 72.
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slopes are rather high. The values decrease when the
methanol concentration increases and increase with
increase in ruthenium content. Analysis of the Tafel
plots give interesting results concerning the behaviour
of the catalysts as a function of ruthenium content.
Considering the 1.0 molar concentration of methanol,

which is close to the working condition in a fuel cell, we
can see that, at 25 �C, from 0.5 V vs RHE, the Pt + Ru
(80:20)/C catalyst displays a better activity than the
Pt + Ru (50:50)/C one and becomes the most active
catalyst at potentials higher than 0.5 V vs RHE, the
Pt + Ru (50:50)/C catalyst becoming the less active
one. Gasteiger et al. [17] have shown that the differences
in activity as a function of the ruthenium content are
due to the balance between two steps of the methanol
oxidation reaction: the initial step of adsorption–dehy-
drogenation of methanol at platinum sites and the
following step which consists in the oxidation of the
adsorbed CO species at ruthenium sites. Then, the lower
activity of the Pt + Ru (50:50)/C catalyst may be
attributed to its lower ability for adsorption and
dehydrogenation of methanol at this temperature and
potential. This phenomenon is more drastic when
decreasing the methanol concentration as shown in
Figure 8(b). In this case, the initial adsorption–dehy-
drogenation step becomes the limiting step and the
Pt + Ru (50:50)/C catalyst displays a weak catalytic
effect compared with platinum alone. But as soon as the
potential is decreased, the most active catalyst is
Pt + Ru (70:30)/C, whereas the worst is Pt + Ru
(90:10)/C. The Pt + Ru (50:50)/C catalyst becomes
more active than the (80:20) one as shown in Figure 8(a)

and (b). In this case, when the potential decreases, the
kinetics of formation of oxygenated species at rutheni-
um is lowered and then, increasing the content of
ruthenium favours the oxidation of CO species at lower
potentials.
These results were confirmed by studies performed on

well defined surface composition platinum–ruthenium
alloys and dispersed platinum–ruthenium alloys [9, 18],
where it was shown that the increase of the optimal
ruthenium content leads to a decrease of the onset
potential of methanol oxidation. Moreover, Iwasita et al.
[19] stated that for potentials between 0.35 and 0.6 V vs
RHE, the slow reaction between adsorbed CO and
adsorbed OH species must be responsible for the rate of
the process. They showed that the best activity towards
methanol oxidation at 0.5 V vs RHE was obtained for
Pt–Ru alloys with a Ru composition from 10 to 40%. In
the case of ruthenium spontaneously deposited at
platinum (111), the activity does not vary greatly for
Ru surface coverages from 20% to 50%, with a slight
enhancement for 40% of Ru coverage. On the other
hand, recent work from the Wieckowski group [13, 20]
showed that Pt–Ru catalysts prepared by spontaneous
deposition of Ru at platinum nanoparticles displayed
better activities for Ru coverage close to 40–50% at 0.3
and 0.5 V vs RHE. These results do not confirm ours. In
the case of spontaneous deposition of ruthenium, the
surface composition is well known because ruthenium is
deposited as nanosized ruthenium islands of mono-
atomic height. In our case, the surface composition is
not known and only the overall composition of the
catalyst is known. Even if we suppose, from the XRD

Fig. 7. j(E) polarization curves for methanol oxidation on Pt + Ru/C colloid catalysts with different atomic compositions (0.5 M H2SO4, 1.0 M

MeOH, v¼ 1 mV s)1, T¼ 298 K). Key: (n) Pt + Ru (50:50); (s) Pt + Ru (70:30); (m) Pt +Ru (80:20); (	) Pt + Ru (90:10); ()) Pt.
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results, that we have platinum particles decorated by
ruthenium particles, we do not know the size of the
platinum and ruthenium particles and then the real
surface coverage. In the way our supported catalysts are
prepared, it is likely that the coverage of platinum by
ruthenium is higher than the value of the overall atomic
composition. Therefore, for higher atomic composi-
tions, the coverage can be higher than 50% and then the
catalytic activity towards methanol oxidation decreased.
At higher temperatures (i.e., 45 �C) some changes in

the electrode behaviour appear. From 0.4 to 0.5 V vs
RHE, the Pt + Ru (50:50)/C catalyst displays a better
activity for the oxidation of 1 M CH3OH than the
Pt + Ru (80:20)/C one (Figure 9(a)), whereas at 25 �C
the Pt + Ru (80:20)/C catalyst displayed a better
activity than the (50:50) one from 0.42 V vs RHE
(Figure 8(a)), the most active being the Pt + Ru

(70:30)/C catalyst (Figure 9(a)). At potentials higher
than 0.5 V vs RHE, the Pt + Ru (80:20)/C catalyst
displays higher activity than the Pt + Ru (50:50)/C
catalyst and at more positive potentials it tends to
become more active than the Pt + Ru (70:30)/C
catalyst.
To explain the enhancement with temperature of the

activity of the Pt + Ru (50:50)/C catalyst compared to
the Pt + Ru (80:20)/C catalyst, some authors claimed
that a thermal activation of ruthenium gives it the ability
to adsorb and dehydrogenate methanol at temperatures
greater than 40 �C [21]. Moreover, it is well known that
ruthenium allows to activate the water molecule at lower
potentials than platinum, and then according to the
bifunctional theory of electrocatalysis for the complete
oxidation of methanol [22], the presence of large amount
of ruthenium in the Pt + Ru (50:50)/C catalyst explains

Fig. 8. Tafel plots for methanol oxidation on Pt + Ru/C colloid catalysts with different atomic compositions: (a) 1.0 M MeOH; (b) 0.1 M MeOH

(0.5 M H2SO4, v¼ 1 mV s)1, T¼ 298 K). Key: (¤) PtRu (50:50); (n) PtRu (70:30); (s) PtRu (80:20); (m) PtRu (90:10); (,) Pt.
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the best activity of this catalyst compared to the
ruthenium poor catalyst at lower potentials. But, at
higher potentials, above 0.5 V vs RHE, platinum rich
catalysts become the most active ones. According to
Watanabe et al. [23] in the limiting current range, the
catalytic surface is blocked by adsorbed oxygen species,
which make the adsorption of organic species more
difficult. Because ruthenium adsorbs oxygen species at
more negative potentials, increasing the coverage with
ruthenium causes the limiting current to decrease. On
the other hand, according to Gasteiger et al. [9], for
potentials greater than 0.5 V vs RHE in the temperature
range 25 to 60 �C, pure platinum displays a greater
activity than ruthenium for methanol oxidation. The
combination of both effects explains the decrease in
limiting current with an increase of the ruthenium
atomic ratio.

From these results, it can be underlined that:
(i) at a given constant potential lower than 0.5 V vs

RHE, increasing the temperature requires an in-
crease in the ruthenium content to enhance the rate
of methanol oxidation.

(ii) at a given constant potential greater than 0.5 V vs
RHE, increasing the temperature requires a de-
crease in the ruthenium content to enhance the rate
of methanol oxidation.

A slight increase in the operating temperature greatly
enhances the reaction kinetics of methanol oxidation,
increasing the current densities greatly. Figure 10 shows
the increase with temperature of the oxidation current
densities of methanol on the supported Pt + Ru
(80:20)/C catalyst recorded at 1 mV s)1 in a 0.5 M

H2SO4 + 1.0 M CH3OH solution. From these curves,
log j/T)1 Arrhenius plots were drawn for different

Fig. 9. Tafel plots for methanol oxidation on Pt + Ru/C colloid catalysts with different atomic compositions: (a) 1.0 M MeOH; (b) 0.1 M MeOH

(0.5 M H2SO4, v¼ 1 mV s)1, T¼ 318 K). Key: (¤) PtRu (50:50); (n) PtRu (70:30); (s) PtRu (80:20); (m) PtRu (90:10); (,) Pt.
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catalyst compositions as shown in Figure 11, the slopes
of which allow determination of the apparent activation
energy DH*. At 0.5 V vs RHE, the values of the
apparent activation energy are 60 kJ mol)1 for the
Pt + Ru (50:50) and Pt + Ru (70:30) catalysts,
30 kJ mol)1 for the Pt + Ru (80:20) catalyst and an
intermediate value of 45 kJ mol)1 for the Pt catalyst.
Such values agree well with those obtained by Gasteiger
et al. [9] on polycrystalline Pt–Ru alloys of different
atomic compositions.
For electrocatalysts with high ruthenium content, the

limiting step may be the adsorption–dehydrogenation of
methanol, as suggested by some results from i.r. studies
where it was shown that on ruthenium-rich surface, the
covering by CO adsorbed species is small [4]. Therefore
a value of the apparent energy of activation close to

60 kJ mol)1 is reasonable. For ruthenium-poor catalyst,
the low value of the apparent energy of activation
(30 kJ mol)1) cannot be attributed to the limiting step
generally admitted for platinum rich catalyst, that is, the
oxidation of adsorbed CO species, but rather to the CO
surface diffusion from platinum sites towards ruthenium
sites where the oxygenated species on Ru oxidize the CO
species [9]. Finally the value for the platinum catalyst
(45 kJ mol)1) may be attributed to the oxidation of
COads to CO2, which is the rate determining step,
according to the following equation:

COads þOHads ! CO2 þHþ þ e


3.3. Electrochemical behaviour in a DMFC

These temperature studies were extended from 50 to
110 �C using a single DMFC with a 5 cm2 surface area
electrode. The cell voltage (E) and power density (P)
against current density (j) curves were recorded at 50,
70, 90, 100, 110 �C, on Pt + Ru/C electrodes with three
atomic ratios (80:20; 70:30; 50:50) using the colloid
catalyst particles synthesized in this work. For example,
Figure 12 shows the performances of a Pt + Ru
(70:30)/C electrode at different temperatures. It appears
clearly that increasing the temperature greatly increases
the performance of the cell, from a maximum power
density of 30 mW cm)2 at 50 �C to 110 mW cm)2 at
110 �C, almost four times higher. This fact confirms the
difficulty of oxidizing methanol at low temperatures and
the necessity to work at temperatures higher than
100 �C to enhance the electrode kinetics and, thus, the
performance of a DMFC.
If we compare the single DMFC performances of three

anodes with different Pt/Ru compositions, we see a
similar behaviour as that obtained at lower temperatures.

Fig. 10. j(E) polarization curves for methanol oxidation on a Pt + Ru (80:20)/C colloid catalyst at different temperatures (0.5 M H2SO4, 1.0 M

MeOH, v¼ 1 mV s)1). Key: (n) 293, (s) 298, (m) 303, (n) 308, (d) 313 and (h) 318 K.

Fig. 11. Arrhenius plots obtained at 0.5 V on Pt + Ru/C colloid

catalysts with different atomic compositions (0.5 M H2SO4, 1.0 M

MeOH, v¼ 1 mV s)1). Key: (¤) Pt + Ru (50:50)/C; (n) Pt + Ru

(70:30)/C; (s) Pt + Ru (80:20)/C; (.) Pt/C.
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Indeed, Figure 13 shows the E(j) curves recorded at
110 �C with different compositions of Pt/Ru anodes, all
other parameters being the same. It appears that at
higher cell voltages (i.e., from 0.7 to 0.35 V) the
Pt + Ru (50:50)/C catalyst gives the best performance
since higher current densities are obtained at higher cell
potentials (lower anode potentials), the lowest perfor-
mances being reached by the ruthenium poor catalyst.
But, at cell voltages lower than 0.35 V (i.e., at higher
overvoltages with respect to anodic oxidation of meth-
anol) the (80:20) ruthenium poor catalyst becomes the
most active catalyst since it gives higher power densities.
This fact was confirmed in our laboratory at electro-
chemically prepared catalysts with different Pt/Ru
ratios. In this case, the catalyst was a true alloy of
platinum and ruthenium and, in a DMFC, we again
obtained a better activity at higher cell voltages for Pt–
Ru (50:50)/C catalyst compared to Pt–Ru (65:35)/C and
Pt–Ru (80:20)/C catalysts, and a better activity at lower
cell voltages for the (80:20) one [24].

4. Conclusion

The goal of this work was to obtain results to answer to
the following questions. What is the best composition of
Pt/Ru catalysts for the electrooxidation of methanol?
Does this optimal composition depends on temperature?
The results obtained here do not lead to a definitive
conclusion about the best catalyst composition for
methanol electrooxidation. However, they show clearly
that the structure and composition of the catalyst are
very important, that the catalytic activity varies drasti-
cally with the Pt/Ru ratio, and that temperature has an
important effect on the catalytic activity by activation of
the ruthenium sites which allowed this metal to adsorb–

Fig. 12. Cell voltage (E) and power density (P) against current density (j) curves recorded in a single DMFC using a Pt + Ru (70:30)/C anode of

5 cm2 surface area, at different temperatures (cathode E-TEK, Nafion�117 membrane, PCH3OH ¼ 3 bar, PO2
¼ 3:5 bar). Key: (¤) 50, (h) 70, (m)

90, (s) 100 and (d) 110 �C.

Fig. 13. Cell voltage (E) against current density (j) curves recorded in a

single DMFC using Pt + Ru/C anodes of different compositions with

a 5 cm2 surface area, at 110 �C (cathode E-TEK, Nafion�117

membrane, PCH3OH ¼ 1:9 bar, PO2
¼ 2:5 bar). (a) Whole curves, (b)

zoom between j¼ 0 and j¼ 100 mA cm)2. Key: (d) Pt + Ru/C

(50:50); (n) Pt +Ru/C (70:30); (¤) Pt+Ru/C (80:20).
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dehydrogenate methanol at temperatures higher than
40 �C.
Concerning the structure of the catalyst, we have

shown that, in agreement with recent results [13],
platinum particles decorated with ruthenium display
higher activity towards methanol oxidation than alloyed
particles of the same atomic composition. The best
composition of Pt + Ru/C catalysts depends greatly on
the working potential. This fact can be related to the
change in the rate-determining step as a function of the
potential. At lower potentials for methanol oxidation,
the rate-determining step is the activation of water, and
the oxidation of CO species to CO2 [19], and then, a high
content of ruthenium is needed to enhance the electro-
activity; at higher potentials, adsorption–dehydrogena-
tion of methanol becomes the rate determining step due
to the presence of adsorbed oxygen species [23], and
then, platinum rich catalysts are better.
For practical applications, the activity of catalysts

must be discussed in the potential region up to 0.5 V vs
RHE in order to obtain acceptable cell voltages for the
DMFC. In this case, the best catalyst for methanol
oxidation at high temperatures (80 to 120 �C) is a
ruthenium rich catalyst. At this anode potential of
0.5 V corresponds a cell voltage of the DMFC close to
0.4 V considering the cathode potential close to 0.8–
0.9 V vs RHE [25, 26]. But, it is also interesting to
have some data on methanol oxidation catalysts at
potentials higher than 0.5 V vs RHE, up to 0.6 V vs
RHE.
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