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bstract

Four platinum-based binary catalysts (Pt–Ru, Pt–Rh, Pt–Sn, Pt–Pd/C) used for hydrogen adsorption–desorption reaction were investigated by
yclic voltammetry in 0.5 M H2SO4 at room temperature. For all the metallic alloys the difference between the total anodic and cathodic charges
1 and 50 cycles) is related to the amount of second metal dissolution. Changes in surface composition during continuous potential cycling are also
ue to the preferential dissolution of a second metal component. Comparison of the changes in electrosorption properties with the amount of metal
issolved leads to the conclusion that the surface involved in chemisorption reactions consisted of no more than a few atomic layers. The good

lectrocatalytic behavior for the Pt–Ru/C system is only attributed to the synergic effect of the second metal, which can cause a strong hydrogen
dsorption (Qc

H). The particle sizes were also determinate by conventional physical dispersion method. This method enabled us to observe the
hape and size of the particles by transmission electron microscopy (TEM).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Effects of the metal particle size on the catalytic proper-
ies of supported metal catalysts electrodes have not yet been
evealed clearly [1,2]. The difficulty in such study must be
aused mainly by the complexity of the structure of supported
etal catalysts electrodes. In the search for improved catalysts,

onsiderable attention has been directed towards understanding
he properties of alloy systems (binary and ternary). Investiga-
ions have indicated that catalytic activity of an alloy can vary in
complex manner with the composition and can be greater than

hat of the individual components. Synergetic effects have been
eported for heterogeneous catalysts of both gas phase reactions
nd electrode processes [3,4]. Although platinum, palladium,

hodium, tin and their alloys have been widely used as elec-
rodes in the study of electrochemical process, little attention
as been directed to the extend of dissolution of such metals.
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n general, the metals have been considered to be inert in non-
omplexing acids [5]. However, some reports have shown that
oth platinum and palladium dissolve under anodic conditions.
t has been suggested that dissolution may play an important
art in the electrochemical activation of platinum electrodes by
nodic–cathodic treatments [6]. Since dissolution can seriously
lter the surface composition of noble metal alloy systems and
ence the electrocatalytic activity, an investigation of the hydro-
en adsorption–desorption reaction of Pt–M alloy systems was
onsidered important. In the present, paper four platinum-based
inary electrodes (Pt–Ru, Pt–Rh, Pt–Sn, Pt–Pd/C) dispersed
n glassy carbon were investigated in ultrapure conditions, in
rder to determinate the electrochemical behavior on hydrogen
dsorption–desorption reaction (HAD) and the second metal sta-
ility in acid medium.

. Experimental

The support of the electrode was a glassy carbon rod (5.0 mm in diameter).
he base of the rod was polished with a cloth and alumina powder (ca. 0.3 �m).

he working electrodes were prepared by attaching ultrasonically re-dispersed
atalyst suspension containing 5 wt.% Pt + 5 wt.% M(Ru, Rh, Sn or Pd)/C pow-
ers in deionized water onto the glassy carbon. After drying in flowing high
urity argon at room temperature, the deposited catalyst layer was then covered
ith ≈4 �l of a diluted aqueous Nafion solution and finally, the electrode was
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mmersed in nitrogen purged electrolyte to record the cyclic voltametry. 10 wt.%
t/C was also prepared as reference during the electrochemical measurements.
he electrodes were carefully prepared in order to obtain reproducible electrode
urfaces and comparable electrocatalytic results. All electrochemical measure-
ents were conducted in conventional glass cells. The base electrolyte used for

hese experiments was 0.5 M H2SO4 and room temperature. The counter elec-
rode was a graphite bar and the reference electrode a Hg/Hg2SO4 (0.6415 V
ersus RHE) connected to the working electrode compartment via Luggin capil-
ary. The cycles were run between −0.01 and +1.29 V versus RHE for hydrogen
dsorption–desorption at a scan rate of 500 mV s−1 [7]. All the specimens were
nalyzed up to 50 cyclic potential scans. The nanomorphology of the supported
atalysts was observed by transmission electron microscopy (TEM), using a
OEL JEM-20000 FXII microscope. The samples for the TEM analysis were
repared by ultrasonically treating the catalyst powders in ethanol. A drop of
he suspension was applied onto clean holey copper grids and dried in air.

. Results and discussion

Voltamperometric curves for hydrogen adsorption-
esorption reaction on Pt–M/C (M: Ru, Rh, Sn, Pd) alloy
ystems and Pt/C electrode as a reference after 50 potential
weeps are shown in Fig. 1. These curves are similar to the
hape of voltammograms of Pt metal, well characterized in
he literature [8,9] and they are also similar to the shapes of
urves published for some Pt–M/C alloys [10–12]. Two anodic
desorption) and cathodic (adsorption) peaks Ha

1 , Ha
2 , Hc

1
nd Hc

2 , respectively, can be distinguished, except Pt–Sn/C.
he peaks Ha

1 , Ha
2 , Hc

1 and Hc
2 have been interpreted in the

iterature as weakly and strongly bonded hydrogen adatoms
10–12]. In the hydrogen desorption region, the peak present
t more negative potentials Ha

2 is considered to be due to
ydrogen desorption from the bulk of the metal together with
he desorption of hydrogen adsorbed on the surface [11,12].
he peak obtained at more positive potentials (Ha

1) is attributed
xclusively to adsorbed hydrogen [13]. Changes in the amount

f hydrogen desorbed manifested by the peaks Ha

1 and Ha
2

re proportional to the changes of the real surface area of the
t–M/C alloys [14]. Pt/C and Pt–Ru/C showed the highest real
urface area for this reaction. Pt–Sn/C electrode only showed

ig. 1. CV curves after 50 potential sweeps in 0.5 M H2SO4 at room temperature
ith a sweep rate of 500 mV s−1 in positive direction.
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ne hydrogen adsorption (Hc
2)–desorption Ha

2 peak. After this
eak, the hydrogen desorption continues over the double layer
egion with an increase in the capacitance. In all the specimens,
etal oxide formation between 0.67 and 0.93 V versus RHE

nd its corresponding reduction from 0.67 to 0.60 V versus
HE was detected and has been attributed to the second metal
ddition. The reduction peaks shifted and the current density
ncreased depending of the second metal characteristics.

A single peak (r1) during cathodic sweep was also observed.
his peak is normally assigned to the oxide reduction profile
f both metals (Pt–M/C), rather than the sum of the individual
ontributions, which indicates the existence of an alloy phase.
s can be observed in the figure, the potential of this peak is

haracteristic of the particular metal or alloy being investigated.
These observations indicate that second metal additions influ-

nce the hydrogen adsorption–desorption potential and affect the
xide reduction potential and the charge passed due to hydrogen
dsorption, increasing the active sites, as have been reported by
ome researchers [8]. Some factors that could explain this elec-
rocatalytic performance are: (a) the ratio of low coordinated
urface atoms which is increased inversely with the particle size,
b) the electronic state of small metal particles, (c) the strong
etal–support interaction and (d) the synergistic effect.
As is well known, the problem of defining surface atoms

ecomes more serious when one considers higher order planes
ikely to be present on a polycrystalline surface. Moreover some
nvestigations have shown that the surface atoms may reside in
tructures which need not correspond to those calculated from
ulk unit cell. In view of the nature of the assumptions involved,
he choice of a particular value for Qa

H real must be arbitrary.
evertheless, it is convenient to refer results to some standard of

eal area, particularly with rough electrodes, and generally, it has
een considered that the charge associate with hydrogen mono-
ayer is 210 �C cm−2 [10–12]. Table 1 summarizes the charge
assed due to hydrogen desorption (Qa

H); real area (Ar); active
ites number (NA); and mass deposited on the surface (W). These
alues were obtained by linear extrapolation of the double-layer
egion and integration to the current minimum just after molecu-
ar hydrogen evolution, as shown in Fig. 1. This table shows that
here is a marked influence of the surface composition on the
ydrogen adsorption capacity of the alloys. Comparing Pt–M/C
lectrodes, it is observed that Pt–Ru/C presented the highest
ctive sites for the HAD. This suggested that ruthenium metal is

asily and reversibly oxidized when the anodic potential is too
ositive (1.15 V versus RHE). Pt–Ru/C electrodes are not stable
n acid medium due to a rapid preferential dissolution of ruthe-
ium and there is therefore an evolution of electrode towards

able 1
lectrochemical parameters 10 wt.% Pt/C and its alloy

ample QH (�C) Ar (cm−2) NA (×10−15) W (×107 g)

t/C 243 1.45 1.89 6.15
t–Pd/C 154 0.91 1.20 3.89
t–Ru/C 206 1.23 1.61 5.21
t–Rh/C 152 0.90 1.19 3.84
t–Sn/C 110 0.85 0.65 1.12
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Fig. 2. Current vs. potential curves for cathodic zon

ure platinum; the amount of Ru interacting with Pt metal and
he support is enough to cause an increased in the catalytic activ-
ty.

In Fig. 2, voltammograms show changes in electrosorption
roperties on continuous potential cycling. Such changes are
ssociated with the dissolution of the second metals from the
urface; analysis of the curves after 1, 10, 30 and 50 cycles show
hat Ru dissolves at a greater rate. In general in all Pt–M/C elec-

rodes, the surface concentration of platinum gradually increases
ith the result that oxygen reduction peak shifts to higher poten-

ials with each succeeding cycle. Eventually, voltammograms
ecome constant in shape and are almost identical to that for

P
T
t
P

Fig. 3. TEM micrographs of: (a) Pt/
ifferent potential sweeps (1, 10, 30, and 50 cycles).

latinum in all the cases, except to Pt–Sn/C [9]. Pt–Sn/C shows
higher stability, and only can be dissolved after 300 potential

ycles. This suggested that Sn metal causes blockage of Pt active
ites which could affect the hydrogen adsorption–desorption
roperties. The dissolution of metal on potential cycling will
nvolve charge transfer and the resulting anodic current will lead
o an inequality in the total anodic and cathodic charges passed.
he difference between the two charges (1 and 50 cycles) for

t–M/C alloys corresponds to the amount of dissolved metal.
he preferential dissolution of second metal in the Pt–M/C elec-

rodes and their catalytic activity was in the following order:
t–Ru > Pt–Pd > Pt–Rh > Pt–Sn.

C and (b) Pt–Ru/C electrodes.
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I. Ávila-Garcı́a et al. / Journal of Alloy

Typical TEM image of the Pt–M/C (Ru as an example) and
t/C prepared catalysts are shown in Fig. 3. The distribution of

he particles is homogenous on the support and the catalysts are
ell dispersed, consisting of particles averaging from 2 to 4 nm.
lthough, the dispersion of the metallic particles was better for

he Pt/C than Pt–Ru/C samples, the smallest particle detected
as a size of about 1.8 nm whereas the largest one is about 6 nm.
n this work, the catalytic performance of Pt–M/C do not depend
trongly of metallic dispersion but rather the electronic proper-
ies (synergistic effect).

. Conclusions

The results of this work show that there is a difference
etween the anodic and cathodic charges passed during a poten-
ial cycle. This difference is attributed mainly to the second

etal dissolution. Ruthenium metal (Pt–Ru/C) is more easily
nd reversibly oxidized than the others Pt–M/C when the anodic
otential is less negative. Yet Pt–Ru/C electrodes are not so sta-
le in acid medium due to a rapid preferential dissolution of
uthenium and evolution of electrode towards pure platinum. It
xhibited the best electrocatalytic performance. This behavior
ould be attributed to the miscibility of Ru–Pt, and nature of
he Pt–Ru/C catalyst increasing its activity (synergistic effect).
lthough, Pt–Sn/C showed the best metal stability, it can block

t active sites which affect the hydrogen adsorption–desorption
roperties.

Comparison of the change in electrosorption properties with
he amount of metal dissolve and TEM observations leads to

[
[

[
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he conclusion that the surface involved in chemisortion reac-
ions consisted of no more than a few atomic layers in all the
pecimens.
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