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a b s t r a c t

In recent years the interest in the use of ethanol as fuel in direct ethanol fuel cells (DEFCs) has increased.
Ethanol is less toxic than methanol and the bigger size of the molecule reduces the permeability through
the electrolytic membrane. But, the use of this fuel with platinum catalysts leads to the acetaldehyde
and acetic acid formation as main reaction products, so the electrical efficiency decreases. Furthermore,
platinum shows an important susceptibility to CO poisoning which is formed during the ethanol electro-
oxidation.
eywords:
thanol
lectro-oxidation
EFC
morphous alloys

The aim of this work is the study of the electro-catalytic behaviour of ethanol and CO electro-
oxidation reaction with amorphous alloys, obtained by mechanical alloying technique. Ni59Nb40Pt0.6Pd0.4,
Ni59Nb40Pt0.6Rh0.4 and Ni59Nb40Pt0.6Rh0.2Ru0.2 compositions were studied. The bi-catalytic alloys show a
similar behaviour for the ethanol electro-oxidation. In comparison to these, the current density towards
ethanol oxidation decreases with the presence of Ru, although the tri-catalytic electrode shows the best

wer s
tolerance to CO, with a lo

. Introduction

Nowadays, oil and its products are the main power sources
orldwide. The high power demand versus an unstable supply

enerates continuous fluctuations in crude oil prices. This fact and
he contribution of these fuels to climate change are the main rea-
ons to search for alternative power sources. Polymer electrolyte
embrane fuel cells (PEMFCs) are promising candidates for trans-

ortation applications and portable power sources. These systems
se hydrogen as fuel and work at low temperatures, but pure
ydrogen is difficult to produce and shows storage and distribution

imitations. For this reason, a number of recent works are focused on
he study of electro-catalytic oxidation of small organic molecules
uch as methanol and ethanol, due to their advantages compared
o hydrogen. The lack of methanol availability, whose production
s limited, has generated a growing interest in the use of ethanol as
n alternative. Ethanol is less toxic than methanol, shows a lower
ermeability through the membrane used as electrolyte and could
rovide a higher power density, with the exchange of twelve elec-
rons per molecule compared to the six electrons exchanged during

he complete oxidation of methanol.

The platinum appears to be the most active and stable noble
etal for the oxidation of such fuels in acid media, although it

hows an important susceptibility to CO poisoning, which is formed
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during the electro-oxidation process, and it is usually combined
with other metals to improve the catalyst effectiveness. Neverthe-
less, the use of ethanol in DEFCs shows an additional problem;
the C–C bond cleavage is required for complete oxidation of the
molecule to CO2. So far the efficiency in the C–C bond activa-
tion in ethanol oxidation is quite low, and partial oxidation of
fuel occurs with acetaldehyde and acetic acid formation as main
products. This fact decreases the electrical efficiency of the process
and the reaction mechanism is complicated. All species involved
in the electro-oxidation reaction are unknown, but some authors
[1–3] propose a general mechanism, that can be summarized in two
steps. The first one is the ethanol adsorption and dissociation on Pt
catalyst generating several adsorbed intermediates, which are oxi-
dized to generate acetaldehyde, at low potentials. The acetaldehyde
formed can be readsorbed over the surface to form acetyl species,
which are oxidized to CO. The second step requires water molecules
dissociation and oxidation, which occurs at higher potentials on Pt
sites. In the presence of OH species on the electrode surface, the
CO formed during previous steps can be finally oxidized to CO2 (1),
but these species can also react with acetyl radical and acetic acid
is formed (2).

CO            CO2 (1)

CH3CH2OH  CHO-CH3

OH
CH3-COOH            (2)
OH

Nature and structure of the electrode material, directly affect the
adsorption mode and kinetics of the reaction, and control the for-
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ation of adsorbed intermediates, determining the oxidation end
roducts. Thus, a better understanding of reaction mechanisms and
evelopment of new catalysts or changes to the platinum catalyst
ould improve the performance of DEFCs.

Previous studies showed an important catalytic activity of Pd
n the hydrogen oxidation in acid media [4,5] and ethanol oxida-
ion in alkaline media [6–8], besides achieving high CO tolerance
ith PtPd combination [9,10]. In addition, according to some

uthors [11–15], the PtRh combination increases the current den-
ity towards ethanol electro-oxidation, with higher efficiency of
he process, compared with the same values obtained on Pt cata-
yst. When Rh is present as co-catalyst, the results showed higher
O2/acetic acid ratio, so its addition increases the capability for C–C
ond cleavage. Finally, it is widely known that the PtRu combina-
ion improves the kinetics of CO oxidation in comparison to Pt as
ingle catalytic metal, due to a bi-functional mechanism [16–19].
uthenium is able to provide OH species at lower potential than for
he case of Pt, with a significant reduction of the poisoning when
his metal is present.

Most of the electrochemical works are carried out on
etal–metal glasses, but not many are focused on NiNb based

morphous alloys. These metals, alloyed with platinum as catalyst
nd other metals as co-catalysts are used as anode materials for
lectrochemical treatment of toxic compounds, and for its appli-
ation in fuel cells [20,21]. The amorphous state is more active
han crystalline, with a greater density of active surface area. It also
educes the amount of platinum and, therefore, the overall cost of
he catalyst.

In the present paper, catalytic activities of Ni59Nb40Pt0.6Pd0.4,
i59Nb40Pt0.6Rh0.4 bi-catalytics and Ni59Nb40Pt0.6Rh0.2Ru0.2 tri-
atalytic alloys in ethanol and CO electro-oxidation were studied,
ia cyclic voltammetry, CO striping and chronoamperometry
echniques.

. Experimental

Preparation of the alloys used as catalyst was achieved by
echanical alloying technique during 40 h in a Restch PM 400

lanetary ball mill. The metal elements were placed in a stain-
ess steel vial with balls of the same material in a ratio of 1:4.
he obtained alloys were characterized by differential scanning
alorimetry (DSC), X-ray diffraction (XRD) and energy dispersive
-ray microanalysis (EDX) of images obtained by scanning elec-

ron microscopy (SEM). DSC measurements were carried out in
DSC 2920 Modulated system (TA instruments) with a standard

ell model 2920 MDSC. For XRD experiments, a Philips X’Pert Pro

owder diffractometer, working with CuK� radiation (� = 1.54 ´̊A)
as used and the obtained patterns were normalized in the high

-range, where the intensity cannot vary between the different
amples owing to the very short structural distances, which are
esponsible for the scattering in this region. A scanning electron
icroscope JEOL JSM-6400 with EDX microanalysis (Link eXL II
xford) and Wavelength Dispersive X-ray (WDX) JEOL, were used

o take and analyze the SEM images.
Carbon paste electrodes were made by hand-mixing each alloy

ith glassy carbon powder and paraffin. All catalysts were acti-
ated by immersion in analytical grade HF 48% solution for 10 s
t room temperature and rinsed out with distilled water. Previous
tudies have concluded [22] that the surface of these amorphous
lloys consists mainly of nickel and niobium oxides, metallic nickel

nd metallic niobium. After the HF treatment superficial oxides are
emoved and the surface is mainly composed of Pt and co-catalyst
lements, so the chemical activation generates active sites on the
lectrode surface. Besides, a porous surface is obtained, enhancing
he effective reaction area [23].
Fig. 1. Thermograms for Ni59Nb40Pt0.6Pd0.4, Ni59Nb40Pt0.6Rh0.4 and
Ni59Nb40Pt0.6Rh0.2Ru0.2 alloys, obtained at a constant heating rate of 10 ◦C min−1, in
N2 atmosphere.

In order to compare the activities of the different catalysts, cur-
rent density values obtained in the electrochemical experiments
for the ethanol oxidation were normalized by the electrochemi-
cal active surface (EAS). Cyclic voltammetry test was performed in
0.1 M HClO4 electrolytic solution and the EAS was determined using
the coulombic charge for the hydrogen adsorption–desorption.

The electrochemical measurements were performed in a poten-
tiostat/galvanostat (Solartron 1480 Multistat system) using a single
flow cell with three electrodes: the working electrode, graphite as
counter electrode and a commercial Ag/AgCl electrode as reference.

3. Results and discussion

3.1. Alloys characterization

The amorphous nature of the alloys was confirmed by DSC and
XRD experiments. The DSC measurements were carried out in N2
atmosphere at a heating rate of 10 ◦C min−1. Fig. 1 shows the ther-
mograms obtained for each of the alloys. A broad peak with positive
heat flow can be observed around 662 ◦C, which indicates the devel-
opment of an exothermic process (�H < 0). Therefore, this peak is
associated with the crystallization of the amorphous phase present
in different alloys. On the other hand, Fig. 2 shows the X-ray diffrac-
tion patterns of amorphous alloys. Crystalline materials shows very
narrow peaks during the X-ray diffractogram. The presence of the
first peak (Fig. 2) is due to the supporting material and the broader
second peak indicates the amorphous state of the alloys [16]. How-
ever, some single crystals may appear on the top surface of the
alloys, which are dissolved by the pre-treatment with HF, exposing
the inner amorphous structure [22].

The composition and homogeneity of the alloys were studied
by energy dispersive X-ray microanalysis (EDX) of images obtained
by scanning electron microscopy (SEM). This non destructive tech-
nique allows to look the field that is being analyzed and to obtain
images of this. The analysis is carried out point to point and it is
necessary to perform multiple measurements in order to decrease
the error. Table 1 shows the average results obtained in atomic
percentage for the elements of the bi-catalytic alloys. On the other
hand, Table 2 shows the same results for the tri-catalytic alloy.
3.2. Ethanol electro-oxidation

It can be clearly observed in Fig. 3 that there are three oxida-
tion peaks for ethanol electro-oxidation. According to the general
reaction mechanism proposed, at low potentials, acetaldehyde is
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Fig. 2. X-ray diffraction patterns of Ni59Nb40Pt0.6Pd0.4, Ni59Nb40Pt0.6Rh0.4 and
Ni59Nb40Pt0.6Rh0.2Ru0.2 alloys.

Table 1
Average values obtained by EDX microanalysis for the elements of bi-catalytic alloys.

Composition (at.%)

Ni Nb Pt Pd

Theoretical value 59 40 0.6 0.4
Experimental 58.99 40.05 0.58 0.38

Composition (at.%)

Ni Nb Pt Rh

Theoretical value 59 40 0.6 0.4
Experimental 59.06 39.92 0.57 0.45

Table 2
Average values obtained by EDX microanalysis for the elements of tri-catalytic alloy.

Composition (at.%)

Ni Nb Pt Rh Ru

Theoretical value 59 40 0.6 0.2 0.2
Experimental 59.08 39.87 0.66 0.21 0.18
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Fig. 3. Cyclic voltammograms obtained in 0.1 M HClO4 and 1 M EtOH at 50 mV s−1

and 25 ◦C.

obtained as main product. At higher potentials, when OH species
are present on the electrode surface, acetic acid is the main product
formed. Therefore, the first anodic peak in Fig. 3 (a1) could be asso-
ciated to the acetaldehyde production; the second anodic peak (a2)
can be due to the acetic acid production and, finally, the current
density of the anodic peak during the cathodic scan (c) could be
associated with CO2 generation. This last peak appears at the same
potential values at which the CO electro-oxidation occur during the
stripping experiments showed in Fig. 4.

If the catalytic activity is compared, the current density obtained
decreases with the presence of Ru in the tri-catalytic alloy.
The bi-catalytic alloys show a similar behaviour, although the
ethanol electro-oxidation begins at a lower potential for the
Ni59Nb40Pt0.6Rh0.4 electrode.

3.3. CO electro-oxidation

Fig. 4 shows the comparison of catalyst activities for CO selec-
tive oxidation as stripping voltammograms of saturated CO adlayer
adsorbed at 0.04 V on the surface of each electrode.

Previous studies [18,19] showed a CO oxidation peak at 0.55 V
when Ni59Nb40Pt1 catalyst is used. Table 3 shows the poten-
tial (Ep) and peak area values obtained for Ni59Nb40Pt0.6Pd0.4,
Ni59Nb40Pt0.6Rh0.4 and Ni59Nb40Pt0.6Rh0.2Ru0.2 electrodes. In all
cases, the peak potential for the maximum amount of oxidized
CO shifts towards negative values, so the addition of co-catalyst

improves the catalytic behaviour in CO electro-oxidation in com-
parison with Ni59Nb40Pt1. An important shift is observed for
Ni59Nb40Pt0.6Rh0.4 and Ni59Nb40Pt0.6Rh0.2Ru0.2. Less energy is
required for the reactivation of the catalytic surface compared with

Table 3
Electrochemical characteristics for CO electro-oxidation.

Ep (V) Area (cm2)

Ni59Nb40Pt0.6Pd0.4 0.50 5.33
Ni59Nb40Pt0.6Rh0.4 0.40 4.93
Ni59Nb40Pt0.6Rh0.2Ru0.2 0.41 1.02
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Fig. 4. CO stripping obtained in 0.1 M HClO4 saturated solution, 0.04 V adsorption
potential, 50 mV s−1, 25 ◦C.
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4. Conclusions
i59Nb40Pt0.6Pd0.4 and the CO oxidation occurs in the best range of
orking potential for a DEFC, between 0.4 and 0.6 V vs. NHE (0.20

nd 0.40 V approx. vs. Ag/AgCl) [3].
The most significant difference between the studied cata-

ysts concerns the values of peak area obtained by integrating
he oxidation peak, assuming a 420 �C cm−2 load for a CO

onolayer adsorbed on Pt. These values indicate the amount
f CO that reacts, which has been pre-adsorbed on the elec-
rode surface. According to the results, the order for the CO

overage on the different catalysts surface is the following:
i59Nb40Pt0.6Rh0.2Ru0.2 < Ni59Nb40Pt0.6Rh0.4 < Ni59Nb40Pt0.6Pd0.4.
t (min.)

Fig. 5. Chronoamperograms obtained in 1 M HClO4 and 1 M EtOH, 25 ◦C.

3.4. CO tolerance during ethanol electro-oxidation

As it can be observed in Fig. 5, current transients were measured
holding the different catalysts at the first anodic peak potential in
order to study the CO tolerance. In the first few seconds, the current
measured for the Ni59Nb40Pt0.6Rh0.2Ru0.2 catalyst dropped faster
than that for the other catalysts. But, if the linear decay of the cur-
rent density variation is studied at longer times, the tri-catalytic
electrode shows the smaller slope compared to results obtained
for the bi-catalytic electrodes.

The linear decay of the current densities at long periods of time
may be characterized by the poisoning rate [24]:

ı =
∣
∣
∣

100
j0

× dj

dt

∣
∣
∣ (%s−1)

where dj/dt is the slope of the linear portion of the cur-
rent decay, and j0 is the current at the start of polarisa-
tion back extrapolated from the linear current decay. From
this equation a poisoning rate of 0.271% s−1, 0.184% s−1

and 0.156% s−1 for Ni59Nb40Pt0.6Pd0.4, Ni59Nb40Pt0.6Rh0.4 and
Ni59Nb40Pt0.6Rh0.2Ru0.2 catalysts is obtained, respectively. The CO
tolerance improves in the presence of Ru. The removal of CO
formed during ethanol electro-oxidation, requires the presence of
OH species on the electrode surface. Water molecules dissociation
to form these species can occur on both platinum (3) and ruthe-
nium sites (4), however in the case of ruthenium this take place
at lower potentials. After that, CO which is formed during previous
steps can be oxidized to CO2 by interaction with OH species formed
on Pt sites (5) or Ru sites (6).

Pt + H2O → Pt(OH)ads + H+ + e− (3)

Ru + H2O → Ru(OH)ads + H+ +e− (4)

Pt(OH)ads → Pt + CO2 + H+ + e- (5)

Pt (CO)ads

Ru(OH)ads → Pt + Ru + CO2 + H+ + e- (6)
According to the results, the order

for the CO tolerance is the following:
Ni59Nb40Pt0.6Pd0.4 < Ni59Nb40Pt0.6Rh0.4 < Ni59Nb40Pt0.6Rh0.2Ru0.2.
The addition of co-catalysts reduces the amount of platinum in
the electrode and improves its behaviour for CO electro-oxidation.
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Ni59Nb40Pt0.6Pd0.4 and Ni59Nb40Pt0.6Rh0.4 are the most
ffective catalyst in the ethanol electro-oxidation, whereas
he current density decreases for the tri-catalytic elec-
rode of Ni59Nb40Pt0.6Rh0.2Ru0.2 composition. Between the
i-catalytic electrodes, Ni59Nb40Pt0.6Rh0.4 shows a higher
atalytic activity in CO electro-oxidation, due to the maxi-
um amount of CO which is oxidized at lower potentials

nd the surface coverage is also lower. Besides, the CO oxi-
ation peak potential for Ni59Nb40Pt0.6Rh0.4 is in the best
orking potential range for a DEFC (between 0.2 and 0.4 V vs.
g/AgCl).

It can be concluded that the Ni59Nb40Pt0.6Rh0.4 is the most effec-
ive for its use as anode in a DEFC.
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