
ORIGINAL PAPER

In situ FTIRS studies of the electrocatalytic oxidation
of ethanol on Pt alloy electrodes

D. M. dos Anjos & F. Hahn & J.-M. Léger & K. B. Kokoh &

G. Tremiliosi-Filho

Received: 28 February 2007 /Revised: 16 May 2007 /Accepted: 16 May 2007 / Published online: 13 July 2007
# Springer-Verlag 2007

Abstract Ethanol oxidation on Pt–Os and Pt–Ru–Os alloy
electrodes was investigated by electrochemical and spec-
troelectrochemical techniques. Cyclic voltammetry and
chronoamperometric results showed that the Pt–Os alloy
has the highest current density at lower potentials. Linear
COads, acetic acid, acetaldehyde, and CO2 were identified
as reaction intermediates and/or products by single potential
alteration infrared reflectance spectroscopy and subtrac-
tively normalized interfacial Fourier transform infrared
reflectance spectroscopy techniques. The in situ Fourier
transform infrared spectroscopy results showed that the
electrooxidative adsorption of ethanol was dissociative
providing COads at low potentials.
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Introduction

Several investigations have been carried out particularly
during the last two decades on the electrooxidation of
ethanol [1–5]. Ethanol is a molecule of considerable interest

because of its importance and potential use as renewable
fuel (obtained from sugar cane for example) for fuel cell
applications [4, 5]. Among the various alcohols that can be
considered as alternative fuels, ethanol is the most
promising. It is a safe molecule in comparison to methanol,
is liquid, and is easier to be stored and handled when
compared to hydrogen. Moreover, ethanol has a high
theoretical mass energy (6.1 kWh kg−1 for methanol vs
8.0 kWh kg−1 for ethanol) [6, 7]. The main disadvantage of
ethanol comes from its molecular structure with a carbon
containing a primary alcohol function and a second one as a
methyl group. This molecular configuration induces a hard
conversion of ethanol into carbon dioxide because of the
difficulty to carry out the C–C bond cleavage and the
complete oxidation of the methyl group using Pt as an
electrocatalyst.

Although ethanol oxidation could not be complete
providing 12 electrons per molecule, many reports showed
that the main reaction products were acetaldehyde and
acetic acid producing two to four electrons per molecule,
which is so far from the maximum theoretical yield, but it is
acceptable for application in low power sources such as
portable electronic devices [8–10], even if the main objective
is to find a catalyst that is able to oxidize ethanol to more
than a four-electron conversion.

Nevertheless, lots of studies on the electrooxidation of
ethanol devoted mainly to identify the adsorbed intermedi-
ates showed the presence of carbon monoxide species
strongly adsorbed at the electrode surface. Identification of
intermediates and final products, from the electrochemical
oxidation of ethanol, was provided by many authors with
the use of differential electrochemical mass spectrometry
(DEMS) and in situ Fourier transform infrared spectroscopy
(FTIRS) [11–14]. DEMS experiments identified acetalde-
hyde and CO2 as primary reaction products, and using
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isotope-labeling strategies, these studies showed that
acetaldehyde is formed by cleavage of the C–H bond in
the α-carbon and the O–H bond in the hydroxyl group,
while CO2 is formed through a multistep pathway involving
a strongly bonded intermediate. These experiments also
indicated that the carbon atom in the CO2 molecule is
originated either from the methyl group or from the alcohol
group of ethanol. Elsewhere, methane and ethane were also
detected as desorption products at low potentials, probably
issued from the methyl radical formed just after the C–C
bond cleavage [13, 14]. FTIRS experiments showed that
adsorbed carbon monoxide is an important intermediate
strongly adsorbed at the Pt surface [15–29]. To enhance
ethanol electrocatalytic oxidation and to decrease the
poisoning of the catalyst, modification in the catalyst
composition becomes necessary. To achieve this purpose,
modifications of the electrode surface are usually suggested
by adding other transition metal (M) such as Ru, Sn, Mo,
Rh, Os, etc. to Pt [30–36]. It is well known that the
presence of these metals as Pt–M alloys or Pt–M bimetallic
catalysts improve the catalytic effect of platinum because of
the bifunctional mechanism. In this mechanism, the
partially oxidized M species supplies the oxygenated
species for improving the oxidation of the adsorbates. A
catalytic effect can also be explained by the ligand effect
where the metal M atoms close to Pt are expected to
influence the density of electronic states of Pt leading to the
weakening of the Pt–CO bond [36–39]. The Pt–Ru system
represents a promising alternative catalyst for ethanol
oxidation. Early investigations carried out by in situ FTIR
spectroscopy have shown that this catalyst could break the
ethanol C–C bond at low potentials [40]. Later studies [41]
have shown that Ru is not selective for CO2 production.
However, bands corresponding to the formation of CO2,
acetaldehyde, and acetic acid were present for all the
compositions of the catalysts studied, and their relative
intensities were clearly dependent on Ru composition and
the applied potential. Fujiwara et al. [42] used the DEMS
technique to study the reactivity and selectivity of ethanol
oxidation on Pt–Ru electrodes. They found that Ru acts as
an oxygen supplier at low potentials but also inhibits the
ethanol adsorption during a subsequent oxidation on Ru
sites. Wieckowski and et al. [31, 32, 34, 35] compare Pt–Ru
and Pt–Os electrodes and show that Os deposits had a better
catalytic activity than Ru deposits for methanol oxidation at
potentials of 0.6–0.7 V, while Ru is more active for this
reaction at potentials lower than 0.6 V. According to these
authors, the Ru deposits present excessively higher oxida-
tion states in the potential range of 0.6–0.7 V, which is
known to be prejudicial to the catalytic activity of the
electrode. Moreover, the Os deposits present a small anodic
wave in this potential region (approx. 0.65 V), related to
OsO2 formation. This enhances significantly the catalytic

activity of Pt–Os electrodes for methanol oxidation, as well
as avoiding the complete formation of Ru oxides in their
highest oxidation states in a Pt–Ru–Os ternary electrode
[39]. The addition of Os on the Pt single crystal surface has
showed an enhancement of the catalytic effect for ethanol
oxidation [43].

The present work focuses on ethanol oxidation on Pt
alloy catalysts (Pt–Os and Pt–Ru–Os) prepared in an arc-
melting furnace. Chronoamperometric measurements were
performed with each catalyst to compare their electro-
activities to that of Pt alone. Results obtained from the
studies of the electrooxidation of ethanol by two spectro-
scopic methods of in situ FTIRS were discussed in terms of
reaction mechanism.

Materials and methods

The polycrystalline Pt-based Ru and Os alloys electrodes
were prepared in an arc-melting furnace under argon
atmosphere (1.3×10−5 bar). The basic atomic compositions
of Pt–Ru–Os (70:20:10) and Pt–Os (80:20) were evaluated
by energy-dispersive X-ray microanalyses [33, 39].

The electrochemical activity of the materials was
examined in 0.2 mol L−1 C2H5OH+0.5 mol L−1 H2SO4

solutions by cyclic voltammetry and chronoamperometry in
a thermostated three-electrode cell. The electrochemical
measurements were performed on a personal computer-
controlled VoltaLab Potentiostat PGZ 420 Electrochemical
Interface. A reversible hydrogen electrode (RHE) and
vitreous carbon were used as the reference and counter
electrode, respectively. The electrochemical surface area of
the electrodes was obtained from the integration of the
hydrogen adsorption/desorption region of the cyclic vol-
tammograms recorded in acid solution (0.5 mol L−1 H2SO4)
at 50 mV s−1.

The spectroelectrochemical investigations were carried
out in a Fourier transform infrared (IR) spectrometer Bruker
IFS 66v, with the sample compartment modified to allow
the beam to be reflected on the electrode surface with an
incidence angle of 65°, after passing through the IR
window (CaF2) of a conventional thin-layer spectroelec-
trochemical cell. The beam path was under vacuum, and a
liquid N2-cooled Hg–Cd–Te detector (Infrared Associates)
was used.

Using the single potential alteration infrared reflectance
spectroscopy (SPAIRS) technique [15, 17, 19], reflectivities
were recorded at 50-mV intervals during the first voltam-
metric scan at a low sweep rate (1 mV s−1). Each spectrum
was the resulted from the coaddition of 128 interferograms.
Data acquisition required 20 s, i.e., over approx. 20 mV.
Spectra were calculated as −ΔA=ΔR/R=(RE2−RE1)/RE1,
where the “reference” spectrum, RE1, was that recorded at
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the initial potential at 50 mV vs RHE. Similarly, using the
subtractively normalized interfacial Fourier transform in-
frared reflectance spectroscopy (SNIFTIRS) method [19,
20, 22, 25], reflectivities were obtained at two electrode
potentials E1 and E2 (the frequency of potential modulation
was 25 mHz, and 128 interferograms were collected before
the Fourier transform) and coadded 30 times at each
potential. The final spectra were normalized as −ΔA=ΔR/
R=(RE2−RE1)/RE1. For the SNIFTIRS and SPAIRS calcu-
lations, E2>E1, so that a positive absorption band indicates
the consumption of species and a negative absorption band
means the production of species. Both techniques allowed
the detection of adsorbed species and reaction products at
the electrode surface.

Results and discussion

The cyclic voltammogram profile for Pt–Os and Pt–Ru–Os
alloy electrodes in acid solution (0.5 mol L−1 H2SO4) was
performed and discussed elsewhere [33]. Briefly, the
voltammograms exhibit a similar profile of the Pt electrode
(Fig. 1). At 0.7 V vs RHE, a shoulder because of the

osmium and/or ruthenium oxides formation is observed.
These oxide formation regions extend and overlay the
platinum oxide region. The adsorption–desorption hydro-
gen regions are only due to the contribution of the Pt metal
in the catalysts. This evidence allowed the estimation of the
true surface area of the different used electrodes.

The positive scan curves in the presence of ethanol are
showed in Fig. 2. Ethanol electrooxidation starts at 300 mV
vs RHE, i.e., earlier in the presence of Os and Ru in com-
parison to a pure Pt catalyst, as can be seen in the inset of
Fig. 2. The hydrogen adsorption/desorption regions are
clearly suppressed because of the adsorption of organic
species. As pointed out by several reports in the literature,
the presence of a transition metal such as Os and Ru can
promote ethanol oxidation by either an electronic effect in
the Pt-based electrode material or by activation of the inter-
facial water molecule necessary to complete the oxidation
of adsorbed CO leading to carbon dioxide or the formation
of acetic acid [30–36]. However, at low potentials (from
200 to 400 mV vs RHE), the presence of Os leads to an
increase in the catalyst activity by reaching higher current
densities, as showed in the detail of Fig. 2. In fact, the
introduction of Os and/or Ru leads to an increase in the
electroactivity of the binary and ternary electrocatalysts as
compared to pure Pt. The synergistic effect obtained with
the presence of these elements can be explained by the
activation of interfacial water molecules at lower potentials
than that observed for pure Pt. According to the bifunc-
tional mechanism, the presence of hydroxyl and/or oxy-
genated species on Os and Ru sites allows the removal of
the poisoning intermediates such as CHx and CO at lower
potentials [30]. Nevertheless, at higher potentials (at
approx. 0.9 V), the possible formation of superior Os
oxides on the surface prevents further ethanol oxidation,
indicating the decrease in the current densities of the Pt–Os

0,0 0,2 0,4 0,6 0,8 1,0 1,2

-0,09

-0,06

-0,03

0,00

0,03

0,06

-0,09

-0,06

-0,03

0,00

0,03

0,06

Pt-Ru-Os 65:25:10

E / V (RHE)

Pt-Os 80:20

j 
/ 

m
A

 c
m

-2

Fig. 1 Voltammetric profiles of Pt, Pt–Os, and Pt–Ru–Os catalysts in
0.5 mol L−1 H2SO4 solution recorded at a scan rate of 50 mV s−1.
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Fig. 2 Anodic sweep curves of Pt, Pt–Os, and Pt–Ru–Os catalysts in
0.2 mol L−1 C2H5OH+0.5 mol L−1 H2SO4 solution at a scan rate of
50 mV s−1. Insert shows the beginning of ethanol oxidation
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catalyst when comparing to that obtained with pure Pt in
the peak potential region.

To evaluate the electrocatalytic performance of the
electrodes for ethanol oxidation at low potentials and under
long-term operation condition, chronoamperometric mea-
surements were carried out at 400 mV vs RHE. Figure 3
shows the chronoamperograms recorded for different
electrode materials whose current values were normalized
by the Pt real surface area. At this potential, the current
densities reach a steady-state condition for both Pt-based
catalysts. Additionally, Pt–Os presents the highest current
density. Pt–Ru–Os is much more efficient than pure Pt.
These results confirm the same electrocatalytic behavior
previously observed in the low-potential region of the
cyclic voltammograms in Fig. 1.

To obtain further information about intermediates and
reaction products that come from ethanol oxidation on Pt–Os
and Pt–Ru–Os catalysts, in situ infrared spectroscopy was
performed employing SPAIRS and SNIFTIRS techniques in
0.2 mol L−1 C2H5OH+0.5 mol L−1 H2SO4 solution.

Figure 4 shows the SPAIR spectra for Pt–Os and Pt–
Ru–Os in the 1,000–3,000 cm−1 spectral range and for
potentials between 100 and 800 mV vs RHE. These spectra
were accumulated at every 50 mV during a cyclic
voltammetric experiment runned at 1 mV s−1. The reference
reflectivity used for the calculation of ΔR/R was taken at
50 mV vs RHE. The main bands obtained for the different
catalysts are attributed to the presence of linearly adsorbed
carbon monoxide, COL, CO2, and acetic acid identified by
the bands at 2,044, 2,345, and 1,290, respectively. The
band at 1,720 cm−1 is attributed to the carbonyl group of
both acetaldehyde and acetic acid. Although the main
reaction product expected for a complete ethanol oxidation
is CO2, the more intense band (at 1,720 cm−1) observed in

the SPAIR spectra is attributed to the presence of both
acetic acid and acetaldehyde. The presence of many
different bands in the spectra is an evidence that during
the ethanol oxidation, several different steps are involved,
as already reported elsewhere [25, 44].

The band at 1,720 cm−1 attributed to the carbonyl, C=O,
stretching mode (νCO) is indicative of acetaldehyde and/or
acetic acid produced from the ethanol oxidation reaction.
The C–O stretching of acetic acid appears at 1,290 cm−1

[40, 41, 45]. The presence of this molecule is also
evidenced by the simultaneous appearance of a large band
at approx. 2,615 cm−1 (νCH of CH3COOH). As evidenced
in Fig. 5, the beginning of the production of acetaldehyde
(approx. 0.4 V vs RHE) and acetic acid (approx. 0.6 V vs
RHE) occurs in different potentials. The bands for
acetaldehyde and acetic acid for Pt, Pt–Os, and Pt–Ru–Os
catalysts exhibit different intensities. In general, the Pt–Os
catalyst displays the most intense relative bands for
acetaldehyde and acetic acid as can be seen in Fig. 5.
Figure 6 shows the representative curves of the relative
intensities of IR bands for CO2 at the vicinity of the electrode
(obtained by SPAIRS) as a function of the electrode
potential. It can be observed that the onset potential is the
same for all studied catalysts.

The band at 2,044 cm−1 (COL) is hardly detected by the
SPAIRS technique conversely to the SNIFITIRS technique.
Figure 7 shows the SNIFTIR spectra recorded in the
potential range from 100 to 750 mV at constant potential
modulation of 200 mV. The COL band appears as a bipolar
band at approx. 2,050 cm−1. This band is clearly observed
in low potentials, showing that the initial adsorption step of
ethanol on both catalysts is a dissociative process.

Fig. 3 Potentiostatic oxidation of ethanol on Pt, Pt–Os, and Pt–Ru–
Os catalysts during 30 min at 400 mV vs RHE. Solution: 0.2 mol L−1

C2H5OH+0.5 mol L−1 H2SO4
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Fig. 4 SPAIR spectra of the species resulting from the oxidation of
ethanol in 0.2 mol L−1 ethanol+0.5 mol L−1 H2SO4 on Pt–Os and Pt–
Ru–Os at potentials varying from 100 to 800 mV vs RHE. RERef taken
at 50 mV
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It is also observed in Fig. 7, for both catalysts, that the band
intensity for COL increases, reaches a maximum value around
200–300 mV, and diminishes with the increase in the
potential. On pure Pt, the maximum amount of COL occurs
at higher potentials (more than 400 mV, result not shown in
Fig. 6). These results suggest that COL exhibits a weaker
poisoning effect on Pt–Os and Pt–Ru–Os than on pure Pt.
Additionally, the easier facility to oxidize adsorbed CO on Pt-
based catalysts provides unequivocally futher evidences of a
bifunctional mechanism involving the formation of oxygenat-
ed species at lower potentials on osmium and ruthenium atom
sites. While adsorbed CO is a poisoning species, it is also a
necessary reactive intermediate for futher oxidation to CO2.

From the various spectroscopic results correlated with the
electrochemical measurements, it is possible to infer a parallel
pathway mechanism for ethanol electrooxidation as follows:

The band at 1,720 cm−1 can be interpreted as proceeded
from the direct oxidation of ethanol to acetaldehyde and

subsequently to acetic acid as suggested by the different
potential onsets for the formation of these species (see Fig. 5).
The presence of these C2 molecules suggests that ethanol can
react at the Pt surface to produce acetaldehyde. Then,
adsorbed oxygenated species on Os and/or Ru sites
participate for the formation of acetic acid with a four-
electron conversion pathway. Another possible pathway for
ethanol oxidation consists of the cleavage of the C–C bond,
as CO and CO2 were determined as the intermediate and
reaction product, respectively. The band at 1,636 cm−1 is
attributed to δ(HOH) of adsorbed water. Indeed, at low
potentials (as shown in Fig. 4), adsorbed oxygenated species
on Os and/or Ru sites can be used to provide the O atom
necessary to transform acetaldehyde and CO into acetic acid
and CO2, respectively, according to the bifunctional mech-
anism. As can be seen in Fig. 6, CO2 formation starts at
around 500 mV vs RHE for both catalysts; however, Pt–Os
electrode presents the most relatively intense bands.

As can be seen in Fig. 7, the adsorbed CO is not more
present in the catalyst surface at potentials higher than 600–
700 mV. However, from Fig. 6, it can be observed that the
CO2 formation continues in potentials up to 1,200 mV. This
is an evidence that acetaldehyde can oxidize to CO2 at high
potentials, as show in the proposed mechanism.

Finally, a band located around 1,385–1,410 cm−1

appears at 300 mV vs RHE and increases with the potential.
This band can be attributed to OCO stretching mode
(νsOCO) of the absorbed acetate ions [45]. Maçôas et al.
suggested that the γC–H rocking mode and the CO–COH
deformation because of the presence of HCOOH appear in
this wave number region [46]. In a previous work, we have
determined by liquid chromatography formic acid as a
reaction product of acetaldehyde oxidation [33]. However,
in this work, there is no direct evidence of formation of
formic acid.
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Conclusions

Pt-based alloy electrocatalysts prepared by an arc-melting
furnace process show a catalytic activity toward the ethanol
oxidation reaction. Chronoamperometric measurements at
0.4 V vs RHE in the presence of ethanol show, on Pt–Os
catalyst, stable current densities twice higher than those
obtained with a ternary Pt–Ru–Os catalyst. In all cases,
ethanol oxidation starts at lower potentials on Pt-based
electrodes than on pure Pt. This indicates also that the
presence of the transition metals such as Os and Ru
contributes to the activation of interfacial water to form
oxygenated species at the neighboring Pt sites necessary for
the removal of the adsorbed intermediates. In situ reflec-
tance IR spectroscopy measurements allowed the determi-
nation of the intermediates and the final reaction products,
confirming that a second transition metal added to Pt
favors, by a bifunctional mechanism, the cleavage of the C–
C bond and the electrooxidation of strongly adsorbed
species like CO to carbon dioxide. SPAIRS and SNFTIRS
results support the idea that ethanol oxidation proceeds via
a parallel pathway mechanism. On the one hand, adsorbed
ethanol is oxidized to acetaldehyde and then to acetic acid.
On the other hand, Os and Ru not only promote ethanol
oxidation on Pt at low potentials but also increase the
current efficiency of CO2. This catalytic effect can favor the
C–C bond cleavage to form COads and a methyl group
(CH3).
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