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Laboratório de Eletrocatálise, Departamento de Quı́mica, Faculdade de Ciências, UNESP,

PO Box 473, 17033-360 Bauru, SP, Brazil

Received 29 August 2007; received in revised form 28 September 2007; accepted 1 October 2007
Available online 6 October 2007

bstract

This describes an experimental evaluation of the electrocatalytic activity of the hydrogen oxidation reaction on electrodes of platinum and the
rdered intermetallic phases PtSb and PtSn, on which CO has previously been deposited. The experiments were carried out in perchloric acid

olution and the analysis based on steady-state polarization curves and Tafel plots derived from chronoamperometric data. Both intermetallics, PtSb
nd PtSn, performed better than Pt towards the HOR, when their surface was deliberately covered with CO. It is suggested that the intermetallic
urfaces have a lower affinity for CO molecules, causing a lower CO coverage on these surfaces, and/or a weaker surface–CO interaction, compared
o Pt under the same conditions.

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

There is considerable interest in the potential application
f proton exchange membrane fuel cells (PEMFC), which use
ydrogen as fuel, in stationary power generation plants and
utomotive vehicles, in view of the high-energy conversion effi-
iency, low pollutant emission and low operating temperatures
about 80 ◦C) of these devices [1–3]. The hydrogen oxidation
eaction (HOR) at the PEMFC anode is one of the best stud-
ed reactions, and it proceeds very rapidly in the presence of
latinum-based catalysts [4–6]. One of the greatest problems
acing PEMFC development is the deactivation of the Pt anode
y small amounts of carbon monoxide (10–100 ppm) [7,8]; this
s present in the fuel as an impurity, as the hydrogen is produced
rom the catalytic reforming of biomass-derived compounds.

Hence, it is crucial that alternative electrocatalysts, featur-
ng both tolerance to CO contamination and good performance

or hydrogen oxidation, are developed. Recently a kinetic and
echanistic study of the hydrogen oxidation reaction (HOR)
as carried out on Pt–M (M = Mn, Pb, Sb and Sn) ordered
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ntermetallic phases in acidic media, employing the rotating-
isk electrode (RDE) technique and Tafel diagrams obtained
y chronoamperometry [9]. It was found that the intermetallic
hases PtSb and PtSn performed better than Pt under the same
xperimental conditions, suggesting that the formation of the
ntermetallic phase had favorably modified the electron density
t the adsorption surface sites and thus favored the adsorption
tep (Tafel or Heyrovsky) in the HOR mechanism [9].

In many studies of this reaction, a mixture of H2/CO has been
sed as a means of probing the HOR activity of electrode sur-
aces composed of Pt and some Pt alloys (PtRu, Pt70Mo30, Pt3Sn,
tRe) [7,8,10]. Gasteiger et al. [10] have used the RDE technique

o study the kinetics of the oxidation of CO/H2 (0.1 and 2% CO)
ixtures on Pt, Ru and two PtRu alloys, in 0.5 mol L−1 H2SO4 at

2 ◦C. They observed that pure Ru was inactive for oxidation of
he CO/H2 mixtures; however, on PtRu alloys, CO/H2 electrox-
dation was characterized by two activity states: a low but finite
ctivity state and a high activity state. The transition potential
elated to those states depends on the compositions of the gas
ixture and the alloy: the surface with the highest Ru content had
he lowest transition potential, after which came Pt50Ru50 and,
ast of all, Pt, with the highest potential. The electrochemical
xidation of H2/CO (500 ppm–2%) mixtures on the Pt70Mo30
lloy, in 0.5 mol L−1 H2SO4 at 333 K, was studied by Grgur et

mailto:acangelo@fc.unesp.br
dx.doi.org/10.1016/j.jpowsour.2007.10.001
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it is suggested that the HOR might cause the removal of CO
from the surface, since no evidence of its removal was observed
80 A.F. Innocente, A.C.D. Ângelo / Jour

l., employing the RDE technique [8]. They obtained polariza-
ion curves for this oxidation reaction that were qualitatively
imilar to those of the Pt50Ru50 alloy [10]. In conclusion, these
tudies have shown that the presence of another metal, except
e, alloyed with the Pt, reduces the steady-state COads cover-
ge by oxidative stripping, freeing Pt sites for H2 oxidation. All
he studies cited above were carried out with a H2/CO mixture;
owever, to find out whether any electrocatalytic activity for
ydrogen oxidation remains on a surface deliberately poisoned
y CO, it is necessary to deposit the CO first and then carry out
he measurements in a CO-free solution.

Given the good performance shown by the intermetallics PtSb
nd PtSn in previous studies of the HOR, in this paper electrocat-
lytic activity of these materials for the HOR is evaluated when
O is deliberately deposited on the electrode surface. The anal-
sis is based on steady-state polarization curves, obtained by the
hronoamperometric technique. The performance of these inter-
etallics will be compared with that of polycrystalline Pt under

he same experimental conditions, to make a better assessment
f the CO poisoning effect on the electrode material.

. Experimental

The intermetallic phases PtSb and PtSn were prepared from
he respective pure metals – platinum (Alfa Aeasar, sheet, 99.9%
ure), antimony (Aldrich, pieces, 99.9999%) and tin (Berzog,
owder, 99.9%) – which were weighed in 1:1 stoichiometric
roportions and melted together in an electric-arc furnace, in an
rgon atmosphere, as previously reported elsewhere [9,11]. The
elting conditions were selected from the corresponding phase

iagrams [12]. Each melt was homogenized and transferred
o a thermal induction furnace (Inductoheat) with a prefixed
hermal gradient, in which the direction and rate of solidifi-
ation could be controlled. This furnace was held for 24 h at
he temperature at which the desired phase was stable (taken
rom the appropriate phase diagram), with an atmosphere of
rgon, after which the material was quenched rapidly, so as to
aintain this phase unchanged. The cylindrical ingot thus pro-

uced was sectioned with a diamond-impregnated rotary saw
nto disk-shaped test-pieces, which were used both for the char-
cterization of each material and for the construction of the
otating-disk electrodes (RDEs) for the electrochemical experi-
ents.
The materials were characterized by X-ray diffraction

XRD), scanning electron microscopy (SEM) with energy-
ispersive X-ray spectroscopy (EDX) and X-ray photoelectron
pectroscopy (XPS) [11]. The results obtained by these respec-
ive techniques provided evidence of the crystalline nature
nd elemental composition of the PtSb and PtSn ordered 1:1
ntermetallic phases, at the surface, and the formation of the
ntermetallic phases with a modification of the electron density
t the surface platinum sites [9,11].

The system used for electrochemical measurements was set

p as previously described [9]. Thus, electrochemical experi-
ents were performed by using a EG&G PAR Model 263A
alvnostat Potentiostal controlled by M270 electrochemical

oftware. RDE technique was applied through a Pine Instru-

i
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ents Analytical Rotator. A high surface area platinum wire was
sed as counter electrode and the reversible hydrogen electrode
RHE) as reference.

Firstly, CO was deposited on the electrode surface by elec-
rode polarization at a pre-determined potential (0.05 V vs.
HE1 for Pt and 0.15 V vs. RHE for PtSb and PtSn) for a period
f 10 min in the electrolytic solution of 0.15 mol L−1 HClO4
Merck, AR), which was initially purged by bubbling N2 (White

artins, 5.0) for 15 min, to remove all traces of O2, and then
aturated with CO (AGA, 2.5) by bubbling for 10 min. After
eposition, the CO remaining in the solution was completely
emoved by bubbling N2 for 10 min. Finally, the solution was
ubbled with H2 (AGA, 4.0) for 15 min to perform the studies of
he HOR. This method has proved reliable, giving reproducible
esults on the influence of the CO-covered surfaces on the HOR.
his CO poisoning procedure was adopted to investigate to what
xtent a deliberately poisoned surface would still be able to cat-
lyze the hydrogen oxidation reaction. From a scientific point
f view, such information should allow inferences to be drawn
n the tolerance of the surfaces to CO poisoning.

Steady-state measurements were performed chronoampero-
etrically over different potential intervals, depending on the

lectrode material condition, always before the mass-transfer
ontrol region [9]. A previously determined pulse potential was
hen applied to the working electrode and the resulting steady-
tate current recorded after 10 s. The HOR is widely known
o be a fast reaction and 10 s has proved sufficient to reach a
teady-state current. During the data acquisition, the electrode
as rotated at 3500 rpm to ensure, as far as possible, a constant
ow of reactant to the electrode surface.

. Results and discussion

In order to verify the effectiveness of the potential selected
or CO deposition on the Pt and intermetallic surfaces, potentio-
ynamic experiments were performed after CO deposition and
lso after the hydrogen oxidation reaction on the CO-covered
urfaces. The resulting voltammograms are shown in Fig. 1(a
nd b), where peaks arising from CO oxidation can be observed
t 0.78 and 0.80 V for Pt and PtSb, respectively, showing that
O had been effectively deposited. No CO oxidation peak was
learly observed on PtSn (Fig. 1(c)); however, as will be seen
ater, the HOR experiments afforded evidence of effective CO
eposition on the PtSn surface. The voltammetric curve obtained
or the CO-covered Pt surface shows indubitably that, even after
he HOR, the Pt surface is still poisoned by CO. In Fig. 1(b),
here is a broad peak at 0.80 V associated with the oxidation
f CO adsorbed on the PtSb surface. In subsequent cycles, this
eak is no longer recorded. In the same figure, the voltammet-
ic curve recorded after performing HOR experiments on the
O-covered PtSb surface is also displayed. From these results
n voltammograms recorded in the absence of the HOR over

1 Reversible hydrogen electrode.
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Fig. 1. Potentiodynamic profiles for (a) Pt, (b) PtSb and (c) PtSn; (–) stripping
of deposited CO in the first positive-going sweep before HOR experiments,
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- -) subsequent voltammetric cycle after the CO stripping; (· · ·) stripping of
eposited CO in the first positive-going sweep after HOR experiments. In
.15 mol L−1 HClO4 solution (v = 50 mV s−1) at room temperature.

he same potential sweep. Regarding the PtSn surface, a quite
ifferent result was obtained, a slight decrease in the current
ensity assigned to COads oxidation (at 0.85 V) being observed
hen the voltammetric curve recorded after the HOR was com-
ared with the pre-HOR curve. CO coverage was estimated for
ll electrode materials by integrating the stripping voltammetric

urves in Fig. 1 over the potential range related to CO oxi-
ation; the values θCO = 0.81, 0.46 and 0.50 were calculated,
espectively, for the Pt/CO, PtSb/CO and PtSn/CO surfaces, by
onsidering the electroactive surface areas calculated as reported

a
i
a
a
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n Ref. [9]. It must be pointed out that a similar value of θCO
as been reported elsewhere for Pt [13,14], in excellent agree-
ent with the value calculated in the present study. On the other

and, no θCO values for intermetallic surfaces have been pub-
ished until now. However, it has been reported for Pt–Sn alloys
hat CO molecules are preferentially adsorbed at Pt sites alone
nd even then in a weaker interaction than that observed for
olycrystalline Pt [15–17]. Here we suggest that on the PtSb
ntermetallic surface a similar phenomenon takes place, con-
idering the similarity between the two intermetallics and the
orresponding calculated coverage values. Values of θCO as low
s those calculated in this study must be interpreted in terms of
wo major material characteristics: the low affinity of CO for
he intermetallic surfaces and the composition of the surfaces,
here it is proposed that CO is preferentially deposited at the
t sites. θCO was also calculated after performing the HOR on

he same electrode surfaces and the values 0.68 and 0.30 were
ound for Pt/CO and PtSn/CO, respectively. As previously men-
ioned, potentiodynamic experiments suggested that θCO for the
tSb/CO surface after the HOR was close to zero. It is evident

hat there is a stronger and more stable CO–surface interaction
n the Pt surface than on the intermetallic surfaces, considering
he higher θCO values determined before and after the HOR. The
ata show a decrease in θCO of about 16 and 40% for the Pt/CO
nd PtSn/CO surfaces, respectively, provoked by the occurrence
f the HOR. This result suggests that the CO-blocked surface
ites on PtSn were not totally freed by the HOR, indicating that
O may interact more strongly with PtSn than with PtSb. It is
lso possible that a surface-site freeing process may take place
uring the HOR on PtSb/CO, owing to the weaker CO–PtSb
nteraction. It has been suggested that the surface of PtRu inter-
cts weakly with CO and shows better tolerance of CO poisoning
han polycrystalline Pt, on both theoretical (density functional
heory) and experimental (UHV) grounds [18–21]. These stud-
es pointed to a decrease in the adsorption energy of CO on Pt in
imetallic surfaces caused by an alteration in the electron den-
ity of Pt atoms due to the influence of neighboring Ru atoms.
s a consequence, CO coverage was decreased, favoring the
OR.
The steady-state polarization curves extracted from

hronoamperometric data for the HOR on Pt, PtSb and PtSn
urfaces, bare or CO-covered, are shown in Fig. 2. It can be
bserved that, for the HOR on non-poisoned Pt and intermetallic
urfaces, the current density increased in proportion to the
pplied potential, up to a potential where it increased more
lowly. The intermetallic materials performed better than Pt
n the whole potential interval explored in these experiments.
he polarization curve (Fig. 2(a)) obtained for the HOR on
tSb/CO exhibited considerably poorer performance than

hat on the non-poisoned surfaces; nevertheless, this system
howed current densities a great deal higher than any other
urface-blocked material. The HOR polarization curve on
tSb/CO shows a continuous increase in the current density

s the applied potential is increased. In light of these results,
t is reasonable to propose that on the PtSb/CO surface, an
dsorption-site freeing process takes place during the HOR,
s suggested earlier from the potentiodynamic experiments.
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Fig. 2. Steady-state polarization curves for H2 oxidation on (a) Pt, PtSb, PtSn
a
r

M
c
i

f
d
t
a
t
a
e
t
d
c
i
t
t
H
t
m
P

p
c
m

F
i

t
a
i
P
t
e
t
T
b
c
i
o
t
“
r
o
g
a
i
p
b

i
F
c
s
n
f
v
t
o
l
H
Tafel slope cannot be definitely ascribed to a unique mechanis-
tic situation [24,25]. Such a slope is usually associated with
a Tafel/Heyrovsky–Volmer mechanism when the intermediate
nd PtSb/CO and (b) Pt/CO, and PtSn/CO in 0.15 mol L−1 HClO4 solution, at
oom temperature.

oreover, considering the θCO estimated for this surface, its
atalytic performance towards the HOR should only be possible
f a weak CO–PtSb interaction is assumed.

The HOR polarization curves for Pt/CO and PtSn/CO sur-
aces are displayed in Fig. 2(b). It is noticeable that the current
ensities for the HOR on these surfaces are much lower than
hose recorded for the other systems studied here. Furthermore,

substantial shift of the HOR onset potential to more posi-
ive values was observed on these surfaces, indicating that the
lteration of the surface/electrolyte interface by CO deposition
ffectively inhibited the HOR. Moreover, it is also observed
hat over the whole experimental potential range, the current
ensity for the HOR on Pt/CO remains quite constant and
lose to zero, while for the same reaction on PtSn/CO, a slight
ncrease in the current density is noted as the applied poten-
ial becomes more positive (>0.24 V). It should be recalled that
he partial elimination of CO from the PtSn/CO surface by the
OR was observed in potentiodynamic experiments. This par-

ial freeing process on the PtSn/CO surface was significantly
ore effective than on the Pt/CO surface, but less so than on
tSb/CO.

It is suggested that the enhanced activity of the intermetallic

hases, relative to Pt, for hydrogen oxidation on the surfaces
overed with CO, has two main causes: lower θCO on the inter-
etallic surfaces than on Pt and/or the easier removal of CO from r
ig. 3. Tafel plots, corrected for mass transfer, for HOR on PtSb and PtSb/CO
n 0.15 mol L−1 HClO4 solution, at room temperature.

he intermetallic surfaces, both of which may be due to the low
ffinity between CO molecules and the intermetallic surfaces. It
s known that CO has two preferred modes of adsorption on the
t surface: on-top (or linear) and bridged [7,22]. A linear adsorp-

ion configuration would use only one platinum site, making it
asy to eliminate the deposited CO. A bridge-like configura-
ion uses two platinum sites, giving a more stable configuration.
he structure of the ordered intermetallics increases the distance
etween the Pt sites [9], inhibiting CO adsorption in the bridge
onfiguration. Therefore, on the basis of previous experiments, it
s proposed that the interactions between the CO and the surface
f the PtSb and PtSn intermetallic phases occur mainly in the on-
op configuration [23]. Such a configuration may even provoke
holes” in the deposited layer of CO, causing a low θCO value
elative to Pt, as observed above. In the above-mentioned work
f Grgur et al. [8] and Gasteiger et al. [10], this explanation is
iven for the HOR activity in the presence of CO on alloys such
s PtMo and PtRu. According to those authors, a modification
n the configuration of the CO adsorbed at the Pt sites must take
lace, causing “holes” in the COads monolayer, where H2 can
e oxidized.

From the data plotted in the PtSb/CO polarization curves
n Fig. 2(a), it was possible to construct Tafel plots, shown in
ig. 3, together with the plot for CO-free PtSb as a means of
omparison. The plots have been corrected for mass transfer by
upposing reversible kinetics for the HOR2. Tafel plots could
ot be produced for the HOR on the Pt/CO and PtSn/CO sur-
aces because the current densities reached quite constant and
ery low values. From the data in Fig. 3, it can be seen that
he mechanism of the HOR does not change as a consequence
f the partial blocking of the PtSb surface by CO. The calcu-
ated Tafel slopes were 57 and 52 mV dec−1, respectively, for the
OR taking place at PtSb and PtSb/CO surfaces. A 60 mV dec−1
2 In the absence of a limiting current density value, the maximum current
eached in the experiment was used.
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urface coverage (θHads) changes with the potential (condi-
ion reached at low overpotentials) in a non-Langmuir isotherm
ondition. Thus, either the Tafel or Heyrovsky steps might
e considered as rate-determining. In either case, it is clearly
ndicated that a different condition of intermediate adsorption
overage is achieved as the electrode surface is changed from
olycrystalline Pt to the intermetallic. As proposed earlier, this
odification of the intermediate adsorption condition on ordered

ntermetallic surfaces could be a consequence of a suitable elec-
ron density of the surface sites, as suggested by analysis of the
PS data [9]. In summary, it was found that relative to the pure
latinum sample, a shift of 6 eV to lower binding energy values
as observed for the Pt 3d3/2 and 3d5/2 orbitals of PtSb. PtSn

howed no shift in the Pt orbital peaks; however, in this material,
shift of 10 eV to higher binding energies was seen in the Sn

d3/2 orbital peak [9,11]. It was concluded that in general, as
xpected, the formation of intermetallic phases led to an effec-
ive alteration of the surface atom electron densities that, in its
urn, should influence their adsorptive characteristics [9].

Nevertheless, a comparison between the current densities for
he CO-free intermetallic PtSb and PtSb/CO shows that the cur-
ent decreased when the CO was deposited, suggesting that, even
hough the interaction between CO and the intermetallic surface
as weaker than that with the Pt surface, there still remained
partial blockage of the surface by CO molecules. Thus, only

ome of the active sites on the intermetallic were available for
he HOR.

A comparison between the current densities recorded for the
ntermetallics PtSb and PtSn shows that the better activity is still
bserved on the PtSb surface, whether CO-covered or CO-free.
t is suggested that the CO interaction with the PtSb surface is
eaker than that with the PtSn, making CO removal easier and

avoring the HOR; this phenomenon is believed to be related to
odification of the electron-density structure at the intermetallic

urface. Some theoretical work, utilizing ab initio methods via
omputer simulation and complementary experimental studies,
s being carried out to gain a firmer understanding of the rela-
ionship between the electron-density changes and the catalytic
ctivity of the intermetallics for the HOR, on both the free and
O-poisoned surfaces.

. Conclusions

The evaluation of the performance of the intermetallic phases
tSb, PtSn, PtSb/CO and PtSn/CO in catalyzing the HOR
howed that both the bare and CO-covered PtSb and PtSn

urfaces achieved current densities higher than equivalent Pt
urfaces, in perchloric acid medium. In the case of the CO-
overed surfaces, the improved HOR activity of the PtSb and
tSn intermetallic phases, relative to Pt, was attributed to a

[
[
[

[
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eaker interaction of the CO molecule with the intermetallic
urface, favoring the removal of part of the CO from the surface,
r even the lower θCO estimated for these surfaces. It was also
oncluded that CO has a higher affinity for the Pt surface than for
he intermetallic surfaces, due probably to the electron-density
tructure of the surface sites of the intermetallic phases.
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