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Abstract

The electrocatalytic activities of different ternary platinum—ruthenium (Pt—Ru)—metal-oxides have been investigated in half cell
experiments, by cyclic voltammetry and stationary current—voltage measurements. The results are compared to binary Pt—Ru alloy
catalysts. The materials have been prepared using a modification of the Adams method. X-ray analytical methods (X-ray diffraction,
XRD; energy dispersive X-ray spectroscopy, EDX; X-ray photoelectron spectroscopy, XPS) have been used to characterize the
composition, particle size and crystallinity of the catalysts, and their surface areas have been determined by the Brunauer—Emmet—Teller
(BET) method. The catalyst materials consist of varying amounts of metal oxides and Pt—Ru aloy particles. BET surface areas of 80—120
m? /g have been measured corresponding to particle diameters of the order of 3-5 nm. The results of electrochemical measurements
demonstrate that introduction of a transition metal oxide (WO,, MoO,, VO,) leads to an improvement of the catalytic activity towards

methanol oxidation. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

One of the main problems of the direct methanol fuel
cell (DMFC) is the still insufficient activities of the anode
catalysts [1]. Pure platinum is poisoned by reaction inter-
mediates such as CO,, [2,3]. In order to improve the
catalyst performance, platinum aloys (typically pla-
tinum—ruthenium, Pt—Ru) are used in DMFCs. Platinum
accomplishes the dissociative chemisorption of methanol,
whereas ruthenium forms a surface oxy-hydroxide which
subsequently oxidizes the carbonaceous adsorbate to CO,
[4,5].

A large number of investigations have been reported on
the use of platinum and platinum alloys supported on
metal oxides [6,7] and metal sulfides [8] in order to
enhance the electro-oxidation of methanol. However, Pt—
Ru alloys remain the most active catalysts for this purpose.

In a different approach recently reported by Gotz and
Wendt [9,10], an increased catalytic activity has been
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found when ternary catalysts based on a Pt—Ru system
were used.

In this work, the electro-oxidation of methanol on
ternary Pt—Ru—metal-oxide catalysts is reported.

2. Experimental

2.1. Catalyst preparation and characterization

The catalysts were prepared using a modification of the
method of Adams and Schriner [11]. Appropriate amounts
of the noble metal halides and transition metal oxides were
intimately mixed with an excess of sodium nitrate and the
mixture was heated to 500°C for 3 h. The solidified melt
was then washed thoroughly with water to remove nitrate
and chloride, and the resulting aqueous suspension of
mixed oxides was reduced at room temperature with bub-
bling hydrogen [12].

The bulk composition of the catalyst materials was
investigated by EDX. An attempt was made to determine
the surface composition of the catalyst powders by X-ray
photoel ectron spectroscopy (XPS). The spectra were back-
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Table 1

Properties of catalyst materials

Catalyst Bulk composition (EDX) [at.%] Surface composition (XPS) [at.%)] BET surface area[m? /g]
Pt—Ru 55% Pt; 45% Ru 64% Pt; 36% Ru 82

Pt—Ru-WO,; Pt:W = 8:1 54% Pt; 39% Ru; 7% W 49% Pt; 44% Ru; 7% W 120

Pt—Ru-Mo0O,; Pt:Mo = 7:1 56% Pt; 36% Ru; 8% Mo 38% Pt; 51% Ru; 11% Mo 108

Pt—-Ru-VO,; PtV =T7:1 52% Pt; 40% Ru; 8% V 58% Pt; 42% Ru; V not determined 90

ground-corrected using the Shirley [13] method and Gauss-
ian—Lorentz routines were used to fit the resulting peaks.
The quantitative evaluation of each species was carried out
by dividing the integrated peak area by empirical atomic
sensitivity factors [14].

The geometric surface areas of the catalyst were deter-
mined by the BET method using nitrogen as the adsorbate.

Particle size and crystallinity of the materials were
investigated by XRD. Spectral contributions of the copper
K ., line were subtracted by a Rachinger algorithm correc-
tion. To assess the particle size, the Pt(220) peak was fitted
to a Gaussian lineshape using a linear baseline correction.

2.2. Electrochemical measurements

The preparation of the thin film electrodes followed the
method recently described by Schmidt et al. [15]. Glassy
carbon electrodes (12 mm diameter, 1.131 cm?) served as
substrate for the catalyst materials. Catalysts were dis-
persed ultrasonically in water in a concentration of 2
mg,/ml and a 160-w.| aliquot was transferred onto a glassy
carbon substrate, yielding a catayst loading of 280
wg/cm?. After evaporation of the water in a nitrogen
stream, the resulting thin catalyst film was covered with 80
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wl of aNafion® solution in order to fix the particles on the
substrate. The resulting Nafion® film had a thickness of
about 0.2 wm. Therefore, it was sufficiently thin (< 0.5
wm) so that film diffusion effects were negligible under
these conditions [16,17].

The catalysts were characterized at room temperature
by cyclic voltammetry and stationary current—voltage
curves in a three-electrode cell using a mercury—mercury-
sulphate reference electrode. A solution of 1 M methanol
in 0.5 M H,SO, was used as the electrolyte. Potentials are
referenced to the reversible hydrogen electrode (RHE).

3. Results and discussion
3.1. Catalyst composition

The results of EDX, XPS and BET surface area mea-
surements are summarized in Table 1. The binding energy
(BE) of the Ru 3d;,, linein zerovalent ruthenium is 284.3
eV [18], which is very close to the C 1s line resulting from
adsorbed carbonaceous species. Consequently, the Ru 3p
spectra were also recorded and used for analysis. Vana
dium could not be detected by XPS because the high-inten-
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Fig. 1. Pt 4f and Ru 3p;,, X-ray photoelectron spectraof a Pt—Ru catalyst.
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Fig. 2. XRD pattern of aternary Pt—Ru—WO, catalyst. Step size: 0.05°; step time: 45 s.

sity V 2p line was overlapping with the much stronger O
1s line. The lower-intensity V 2s line was too weak to be
detected for analysis.

The quantitative EDX and XPS analysis shows that the
bulk and surface composition of the materials are aimost
identical, taking into account the errors of both methods
resulting from surface roughness.

The Pt 4f X-ray photoelectron spectrum of a Pt—Ru
catalyst given in Fig. la suggests that the lower binding
energy doublet with Pt 4f, , at 71.5 eV agrees well with
the published values of Pt(0) while the BE of the Pt 4f, ,
component of the higher binding energy doublet at 74.7 eV
is close to the chemical shift reported for Pt(1V) oxide [18].
The rather broad Ru 3p;,, signa originates from (par-
tially) oxidized Ru. The peaks at binding energies of 461.1
and 462.7 eV correspond to Ru(0) and RuO,, respectively
[19].

The results of XRD analysis indicate that the products
contain varying amounts of noble metal oxides in addition
to metal phases, which is in good agreement with the data
obtained by XPS. The XRD pattern of a ternary catalyst
(Pt—Ru-WO,) is presented in Fig. 2. Apparently, XRD of
the ternary catalysts failed to detect the presence of transi-
tion metal oxide peaks. As EDX- and XPS examinations of
the ternary materials revealed the coexistence of platinum,
ruthenium and transition metal oxides, these observations
suggest that the transition metal oxides exist as an amor-
phous structure.

Furthermore, no diffraction peaks indicating the pres-
ence of a pure ruthenium phase appear. That means that
either only ruthenium oxide phases, which are impossible
to distinguish from the reflections of platinum oxides, are
present or that ruthenium is alloyed with platinum. Consid-
ering the results from XPS anaysis, where zerovalent

ruthenium could be detected, it may be concluded that the
catalysts are composed of Pt—Ru alloy particles next to
Pt—Ru oxides and amorphous transition metal oxides.

3.2. Particle size and surface area

The BET surface areas ranging from 80 to 120 m?/g
correspond to particle sizes in the range 3—5 nm in diame-
ter as calculated from a simple spherical particle model.
The density of the Pt;,Rug, aloy was assumed to be 16.9

Calculated particle diameter [nm]
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Fig. 3. Cdculation of particle diameter from geometric surface area
assuming a simple spherical model.
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Fig. 4. Current—voltage characteristics of different catalysts.

g/cm?®. The calculated correlation of the surface area and
the particle size is shown in Fig. 3.

An attempt has been made to estimate the particle size
from the XRD data. However, the accuracy is limited since
line broadening results not only from the small particle
size, but also from overlapping pesks of different oxide
phases.

The average particle size, L, was estimated from the
Pt(220) diffraction peaks according to the Scherrer formula
[201:

0.9,
© B,yc080,,,

where A, is the x-ray wavelength (1.54056 A for Cu
K, radiation), B,, isthe width of the diffraction peak at

half-height (in radians), and 6,,, is the angle at the
position of the peak maximum. Hence, the calculation
gives an average particle size of 3—5 nm. This result is in
good agreement with the particle sizes calculated from
BET surface areas (see Fig. 3). The absence of any sharp
diffraction peaks indicates a unimodal particle distribution.

3.2.1. Electrochemical measurements

Fig. 4 shows stationary current—voltage characteristics
of different catalysts (Pt—Ru plus transition metal oxides
such as WO,, MoO, and VO, ).

In the metal oxide containing ternary catalysts, a lower
polarization of the methanol oxidation has been observed.
Furthermore, electrodes prepared from ternary catalysts are
able to sustain higher current densities.
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Fig. 5. Consecutive current—voltage curves of a Pt—Ru—WO, electrode.
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Fig. 6. Cyclic voltammetry of Pt—Ru and Pt—Ru—V O, electrodes.

It is also evident that a severe deactivation of the
catalyst materials occurs at potentials above 750 mV vs.
RHE. This can be attributed to the formation of a catalyti-
caly inactive surface oxide. Consecutive current—voltage
curves of a Pt—Ru-WO, electrode are presented in Fig. 5.
It can be shown that the formation of inactive surface
Species is reversible.

The deactivation of Pt—Ru is aso visible in the cyclic
voltammogram (Fig. 6). Fig. 7 shows the cyclic voltammo-
gram of a ternary catalyst materia (Pt—Ru-VO,). It is
evident that MeOH oxidation starts at a potential of 360

mV vs. RHE which is amost identical to the binary Pt—Ru
electrode (380 mV). The most apparent difference of the
cyclic voltammetry of the Pt—Ru-VO, electrode is the
increase in current density at potentials above 500 mV vs.
RHE, and the fact that no deactivation can be observed at
potentials below 1200 mV.

No catalyst corrosion effects are detected in the investi-
gated potential range by voltammetry in pure H,SO, (base
voltammetry).

From these results, it can be concluded that the ternary
compound slows down the process of surface oxide forma-
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Fig. 7. Cyclic voltammetry of Pt—Ru-VO, at 25°C, scan rate 10 mV /s.
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tion. Furthermore, it can be assumed that the enhanced
catalytic activity results from the redox processes of the
transition metal oxides.

Such a mechanism has been reported earlier for tung-
sten oxides [21]. The co-catalytic activity is attributed to a
rapid change of the oxidation state of W, involving the
postulated redox couples W(VI)/W(IV) [22] or W(V)/
W(VI) [23]. As Mo and V are known to form bronzes
(similar to W), a similar mechanism can also be assumed
for these elements. Recent work by Grgur et al. [24] and
Mukerjee et al. [25] on Pt—Mo alloy catalysts supports this
explanation.

Nevertheless, microstructural effects caused by the ad-
dition of transition metal oxides to Pt—Ru catalysts pre-
pared by the Adams method cannot be excluded as possi-
ble explanation for the different catalytic behavior.

4. Conclusions

The ternary catalysts prepared by a modified Adams
method consist of varying amounts of noble metal oxides
next to Pt—Ru alloy phases. XRD analysis indicates fur-
thermore that the transition metal oxides exist as an amor-
phous structure.

The Pt—Ru particle size calculated from the Scherrer
equation is 3—5 nm in diameter, which is in good agree-
ment with calculated particle sizes from the BET surface
areas of 80—120 m?/g. Introduction of a transition metal-
oxide like WO,, MoO, and VO, to Pt—Ru catalysts leads
to a decrease in polarization of the methanol electrodes.
The ternary compound apparently influences the rate of
methanol oxidation and surface oxide formation. The most
prominent effect on the catalytic activity could be shown
for the VO,-containing catalyst.

Further work on ternary catalysts is in progress.
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