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In this study, we investigated the behavior of a 30% Pt70-Co30/MWCNT electrocatalyst as oxygen
reduction reaction (ORR) material in acid electrolyte without and with liquid fuels. The
characterization was performed by rotating ring-disc electrode (RRDE) and electrochemical impedance
spectroscopy (EIS). In the absence of organic molecules, the ORR on the alloy proceeds via a 4electron transfer mechanism, with a negligible production of hydrogen peroxide, as indicated by the
RRDE measurements. In the presence of the different liquid fuels (ethylene glycol, ethanol or 2propanol), the alloy shows a high degree of tolerance, although this characteristic is dependent on the
chemical composition of the molecule. The EIS measurements in solutions containing organic
molecules suggest that at high polarization potentials, the competitive interaction of oxygen reduction
and liquid fuels oxidation at the alloy catalytic sites leads to a faster reaction, as shown by the smaller
charge transfer resistances (Rct) obtained from Nyquist plots, compared to the Rct values without
organic molecules. The results obtained from the Pt-Co/MWCNT electrocatalyst are compared to those
of a commercial Pt/C cathode.

Keywords: Tolerant cathodes, oxygen reduction reaction, Pt-alloys, EIS, direct oxidation fuel cells

1. INTRODUCTION
The results obtained recently by different research groups worldwide, clearly indicate that the
crossover of liquid fuels through commercially available polymer electrolyte membranes is a very
important drawback for the commercialization of low temperature Direct Oxidation Fuel Cells
(DOFCs) [1-5]. When Pt-alone electrocatalysts are used as cathodes in this type of cells, large
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efficiency losses appear because Pt is rapidly poisoned by such substances and/or their intermediates
[1, 2].
Under these circumstances, studies covering highly active and selective cathodes have been
very dynamic in the past decade. The investigations on this matter include tolerant cathodes based on
Pt alloys (Pt-M/C, where M= Cr, Co, Fe, Ni, among others) which have shown a high catalytic activity
for the ORR [1, 3, 6-8]. In some cases, their performance for the ORR has surpassed that of Pt/C
cathodes [1, 8].
The enhanced catalytic activity of Pt-M/C electrocatalysts for the ORR has been attributed to
changes in the electronic structure [9] or to favorable variations in the Pt-Pt interatomic distances [10]
due to the alloy formation.
Furthermore, it was recently suggested that a more complex scenario that involves several
experimental parameters and choice of materials may positively influence the catalytic activity of Ptalloys for the ORR [7]. At the same time, investigations of the selectivity of Pt-alloys have clearly
pointed out to their high degree of tolerance to the presence of organic substances [1, 3, 7]. As a result,
the polarization studies in O2-saturated solutions containing liquid fuels have shown negligible shifts in
ORR overpotentials at Pt-based alloys.
In addition, no current density peaks due to the oxidation of the organic molecules emerged at
these cathodes during potential polarizations, making such materials remarkable candidates for DOFCs
applications [1, 3, 7, 11].
Meanwhile, a variety of fuels have been tested in DOFCs. The direct oxidation of ethanol
(EtOH, C2H5OH) [3, 12, 13], ethylene glycol (EG, C2H6O2) [14, 15, 16] or 2-propanol (2-Prop,
C3H8O) [4, 5, 17] has been studied as an alternative to the use of methanol (MeOH, CH3OH). The
results reported in those references indicate that the alternative fuels could be oxidized at low
temperatures on suitable electrocatalysts to produce CO2, along with some intermediates. Furthermore,
the toxicity and ecotoxicity of C2H5OH, C2H6O2 and C3H8O has been reported to be lower than that of
CH3OH [18].
These characteristics make these fuels of considerable interest for DOFCs applications. This
issue is very important because high performance DOFCs operating with liquid fuels having low
toxicity must be developed in order to advance in the commercialization of these devices. However,
we should keep in mind that under operating conditions, the 3 alternative fuels mentioned here-above
may permeate through commercially available membranes [3, 4, 19]. Therefore, in a simultaneous
effort, cathode electrocatalysts with high tolerance to C2H5OH, C2H6O2 and C3H8O should also be
developed.
In this work, we report the synthesis, characterization and performance of a Pt 70-Co30/MWCNT
electrocatalyst for the ORR under DOFCs conditions. MWCNTs were the support of choice because of
their reported advantages over Vulcan, regarding the higher durability and stability observed at
nanotubes [20]. The electrochemical behavior of the alloy was studied by RRDE and EIS techniques.
The results were compared to those measured for a commercial 20% Pt/C catalyst (E-Tek) under the
same conditions.
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2. EXPERIMENTAL
2.1. Reagents
Ultrapure 18.3 MΩ deionized water (DI), high-purity N2 and O2, as well as analytical grade
H2SO4, C2H5OH, C2H6O2 and C3H8O (Aldrich) solutions were used during the experiments.
2.2. Physicochemical characterization
X-ray diffractograms (XRD) of Pt-Co/MWCNT and Pt/C were acquired over 20-100 degrees
with 0.05 steps in an X-Pert MPD Phillips apparatus equipped with a curved graphite monocromator
using CuKα radiation, operating at 43 kV and 30 mA. A JEOL JSM 5800-LV scanning electron
microscope (SEM) was used for energy dispersive X-ray analyses (EDS). HRTEM studies of PtCo/MWCNT were carried out in a field emission gun microscope FEI-TITAN 80-300 kV, operated at
300 kV.

2.3. Synthesis procedure for the MWCNTs and supported Pt-Co
The MWCNTs were synthesized by the spray pyrolysis technique. The detailed procedure was
already reported in reference [6]. Prior to their use as support and in order to promote their
functionalization, the MWCNTs were introduced in a HNO3/H2SO4 (1:4 V/V) solution at 60° C for 5 h
under refluxing and stirring conditions. Then, the wet powders were washed with deionized water until
the pH of the filtrated solution was 7. Finally, the obtained powders were dried over night at 60º C.
The 30% Pt-Co (70:30 a/o)/MWCNT electrocatalyst was prepared by the impregnation
method, with NaBH4 as reducing agent. MWCNTs were first dispersed in 100 ml deionized water and
treated in an ultrasonic bath for 60 minutes. (NH4)2PtCl6 (Stream Chemicals, 99%) and CoN2O66H2O
(Acros Organic, 99%) in aqueous solution were added into the solution containing MWCNTs. NaBH 4
(Sigma Aldrich, 98.5%) was slowly dropped into this mixture and vigorously stirred for 1 h. The
resulting solution was filtered, washed and dried over night at 60º C.

2.4. Electrode preparation and electrochemical set-up
The experimental details regarding the preparation of the catalytic inks have been described
elsewhere [2, 21]. A brief description is as follows: separate mixtures containing each of the
electrocatalysts, DI water and Nafion (5% wt, DuPont) were prepared by ultrasound to form an ink of
5 mgcatal/mL. Then, an aliquot of 10 μL of Pt-Co or Pt was dispersed onto a glassy carbon disc (mirror
polished with 0.05 m alumina) fixed in an electrode support.
After drying overnight, the disc covered by the thin film electrocatalyst was used as the
working electrode. In a typical experiment, the electrocatalysts were first activated by cyclic
voltammetry in N2 saturated electrolyte (0.5M H2SO4) for at least 30 minutes, until reproducible
voltammograms were obtained (not shown). Then, the electrolyte was purged with O2 for at least 15
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min., before linear scan voltammograms (LSV) of the ORR were performed in the potential range of 1
to 0.05 V vs. RHE in a RRDE/bipotentiostat fixture (AFCBP1, Pine Inst.) under rotating conditions
(400, 800, 1200 and 1600 rpm). All experiments were performed at the scan rate of 10 mV/s at 25°C.
A platinum mesh and an Ag/AgCl were used as counter and reference electrodes, respectively. In order
to sense the H2O2 formation, the ring potential was kept at 1.2 V vs. RHE. Current or current density
values (considering the geometric area of the 5 mm diam. glassy carbon support) were used depending
on the plot. For tolerance tests, LSVs in the presence of C2H5OH, C2H6O2 or C3H8O (0.5M in all
cases) were carried out at 1600 rpm, in the same potential range mentioned above.
EIS measurements were acquired with a Voltalab PZ301 potentiostat. The frequency range was
100 kHz to 50 mHz (at 10 points/decade) with an AC perturbation signal of 10 mV. Prior to the
acquisition of impedance data, a potential E (the same potential at which impedance measurements
were taken afterwards) was applied during 90 s with the working electrode rotating at 1600 rpm. Under
these conditions, steady-state was achieved (i.e., when the current response did not vary with time).
After this elapsed time, EIS spectra were acquired at the same E value, i.e., 854, 754, 654, 504, 404
and 304 mV vs. RHE in the O2-saturated electrolyte without and with organic molecules, maintaining
=1600 rpm. The experimental EIS results were fitted with the aid of the LEVM software in order to
obtain the charge transfer resistance (Rct) values.

3. RESULTS AND DISCUSSION
3.1. Physicochemical characterization
Figure 1 shows the XRD patterns of the home-prepared Pt-Co/MWCNT alloy and the
commercial Pt/C catalysts. The diffractogram of Pt-Co/MWCNT indicates the formation of a single
phase material with a face-centered cubic (fcc) structure. The diffraction peak at 26 (2-theta) degrees is
due to the (0 0 2) reflection of hexagonal carbon. The diffraction peaks at about 40, 46, 68, 81 and 86
(2-theta) degrees are due to the Pt (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) reflections, respectively,
which represent the typical characteristics of the Pt phase. From the diffractogram, it is evident that the
addition of Co forms an alloy structure, confirmed by the shift in the reflection peaks toward higher 2theta values related to Pt/C. As a consequence, the lattice parameter of Pt-Co/MWCNT is reduced by
contraction to 3.885 Å, compared to the lattice parameter of Pt/C estimated to be 3.917 Å.
The average particle sizes for Pt-Co/MWCNT and Pt/C can be obtained from the (2 2 0)
reflections with the aid of the Scherrer equation [2]

d

2θ

0.9 K 1
 ( 2 ) cos( ) max

(1)

where d is the average particle size, λ is the X-ray wavelength for Cu Kα radiation (1.5406 Å),
is the width at half height of the diffraction peak and  is the angle corresponding to the peak
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maximum. The mean particle size of Pt-Co/MWCNT is slightly larger than that of Pt/C, i.e., 6.3 and
2.2 nm, respectively. The physicochemical characteristics of both catalysts are shown in Table 1.

Figure 1. XRD patterns of Pt-Co/MWCNT and Pt/C.

Table 1. Chemical composition and physicochemical characteristics of Pt-Co and Pt.
Catalyst

Pt-Co
Pt

Lattice
parameter (Å)

EDX
(at. %)

d (nm)
XRD

d (nm)
TEM

3.885
3.917

Pt75-Co25
-

6.3
2.2

8
2.1

Figure 2. HRTEM images of Pt-Co/MWCNT.
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Figure 2 shows high resolution STEM and TEM images of the Pt-Co/MWCNT electrocatalyst.
The dispersion along the nanotube is not as highly homogeneous (Figure 2a) as the dispersion of Pt/C
(images not shown). The formation of some Pt-Co agglomerates is evident from the image. Figure 2(b)
shows the detail of a Pt-Co nanoparticle of around 8 nm size, which is the average particle size
determined from TEM after analyzing different areas of this material. These results are consistent with
the values obtained from XRD (see average particle sizes values in Table 1).

3.2. ORR mechanism at Pt-Co/MWCNT
Figures 3 and 4 show the disc (id) and ring (ir) currents under rotating conditions at Pt/C and PtCo/MWCNT, respectively. The characteristic of kinetic, mixed and diffusion limited regions of id are
clearly observed in both cases. Overall, the commercial Pt/C shows a higher activity for the ORR than
Pt-Co/MWCNT, i.e., lower overpotentials and higher ORR currents in the potential range scanned.

Figure 3. RRDE results at Pt/C in 0.5M H2SO4. Scan rate: 10 mV/s. Ring potential held at 1.2 V vs
RHE.

With the Levich equation (2), a relationship between the disc current density (jd) and the kinetic
current density (jk) can be established. Nafion layer diffusion parameters have no effect in the shape of
the curves in Figures 3 and 4 because the amount of Nafion used in this study is very small [22]:
1 1 1
1
1
   
j jk jd
jk B1 / 2

(2)
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Figure 4. RRDE results at Pt-Co/MWCNT. Same conditions as in Figure 2.

Figure 5. Levich-Koutecky plots corresponding to the experimental data of Pt-Co/MWCNT (from
Figure 4).

Taking experimental values from the mixed controlled region corresponding to Pt-Co/MWCNT
in Figure 4, 1/j vs. 1/1/2 plots at different potentials are shown in Figure 5. The plots show linearity
and parallelism, indicating first-order kinetics with respect to O2 [23]. The theoretical slope for a 4 etransfer reaction is also depicted in Figure 5, based on calculations with the relationship:
B  0.2nFD 2 / 3 1 / 6cO2

(3)
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where 0.2 applies when  is expressed in rpm, D is the diffusion coefficient of oxygen in
sulfuric acid (1.4×10−5 cm2/s),  is the kinematic viscosity of sulfuric acid (1.0×10−2 cm/s), c is the
bulk concentration of oxygen (1.1×10−6 mol/cm3), F is the Faraday constant (96,500 C) and n is the
number of electrons transferred [22, 24]. Clearly, the experimental lines in Figure 5 come near the
theoretical 4 e- transfer slope. Calculations indicate that the slopes derived from this Figure correspond
to a transfer of nearly 3.6 e-, suggesting that the ORR at the home-prepared Pt-Co/MWCNT alloy
proceeds via an overall mechanism that leads almost totally to the formation of H2O.
Notably, the ir measured at Pt/C and Pt-Co/MWCNT in Figures 3 and 4 is very small, related to
the id. The percentage of H2O2 formed at the Pt-Co/MWCNT catalyst can be calculated with equation
(4) [25, 26]. In this equation, N is the collection efficiency, taken here as 0.25. At the same time, the
number of the electrons transferred estimated from Levich-Koutecky plot in Figure 5 was confirmed
by using equation (5) [27]:
(4)
(5)

Figure 6. H2O2 generated and electron number transferred at Pt-Co/MWCNT during the ORR.
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Figure 6 (a) shows the H2O2 fraction formed at Pt-Co/MWCNT. The production of H2O2 starts
increasing at potentials below 0.75 V. However, the results indicate that the alloy produces only 0.6 2.5 % H2O2, indicating that O2 is reduced via a 4 e- transfer to produce water. In Figure 6(b), the
electron number at the Pt-Co/MWCNT electrocatalyst, calculated from equation (5), approaches a
value of 4. This number is higher than that determined from the Levich-Koutecky plots (i.e.,  3.6
electrons). However, we may conclude that both results correlate well and indicate that the number of
electrons transferred at Pt-Co/MWCNT during the ORR is close to 4, confirming a very small
production of H2O2 and H2O as the main product.
3.3. Selectivity and tolerance of Pt/C and Pt-Co/MWCNT during the ORR
Figure 7(a) shows the behavior of Pt/C during the ORR in the absence and presence of 0.5M
C2H6O2 at the rotating speed of 1600 rpm.

Figure 7. ORR in the absence and presence of liquid fuels. (a) Pt/C; (b) Pt-Co/MWCNT. Scan rate: 10
mV/s. Electrolyte: 0.5 MH2SO4 or 0.5M H2SO4 + 0.5M (organic fuel). : 1600 rpm.
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The poor electrochemical selectivity of Pt/C for the ORR under DOFC conditions is clearly
demonstrated (i.e., the curve of the ORR with EG). Due to the well-known electrochemical
depolarization of Pt-alone cathodes by liquid fuels as shown in references [11, 22 and 28], this material
was evaluated only in the presence of EG.
The current (i) – potential (E) behavior of Pt-Co/MWCNT during the ORR in the presence of
EtOH, EG or 2-Prop is shown in Figure 7(b). For comparison, the LSV of the ORR without organic
molecules is also depicted in this Figure. All polarization curves were taken at 1600 rpm. The
selectivity and high degree of tolerance of the alloy to the three organic molecules is clearly
demonstrated, indicating a multi-fuel tolerance capability. No current peaks associated to the oxidation
of the liquid fuels emerged in the potential range studied here. It can be observed that the i – E
characteristics in the electrolyte containing EtOH or EG are quite similar. On the contrary, the i values
in the presence of 2-Prop seem to decrease at higher overpotentials (i.e., potentials more negative than
0.6 V). However the selectivity and tolerance characteristics of the alloy are definitively better than
those of Pt/C, in good agreement with the literature [3, 11].

3.4. EIS spectra of Pt/C and Pt-Co/MWCNT: ORR without and with organic molecules
EIS data were fitted with the circuit shown in Figure 8 [29-32]. The elements have the
following meanings: R1 is the solution ohmic resistance; Rct is the charge transfer resistance; CPE is a
constant phase element, used instead of a capacitance due to the inhomogeneous surface of the
electrode [29-31].

Figure 8. Equivalent circuit used to fit the experimental EIS data.

Figure 9 shows the complex plane plots of Pt/C in O2-saturated solution without organic
substances. The plots show single time-constant arcs. Increasing the polarization from 854 mV to 754
mV reduces the ORR charge transfer resistance (Rct) because of the enhanced electrochemical kinetics
[29], but a further increase to 654 mV results in a larger resistance. The increase in Rct at such potential
indicates a transition from an electrochemical kinetic dominated process to a mass transport dominated
process with increasing polarization. At higher polarizations in Figure 9(b), the impedance spectra are
dominated by the diffusion of species. Thus, the Rct values become progressively larger.
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Figure 9. Complex plane plots corresponding to Pt/C in O2 saturated electrolyte without organic
molecules. Symbols: measured data; lines: fitted results.

Figure 10 depicts the impedance spectra of Pt/C in the O2-saturated solution containing 0.5M
C2H6O2. Clearly, the spectra remains one-arc plots over the polarization conditions indicating that the
ORR mechanism remains unchanged in the presence of EG.
This behavior is analogous to the results in the presence of methanol reported elsewhere [3032]. However, it should be noted that the Rct derived from Fig. 10 (a) and (b) exhibits a peak at 654
mV. This potential corresponds to the region of peak maximum due to the oxidation of ethylene glycol
in Figure 7, thus, this reaction should be the dominant mechanism. The behavior of Pt/C at 654 mV
shows that the charge transfer becomes slower, indicating the presence of adsorbed species, e.g.,
reaction intermediates arising from the oxidation of EG that might depolarize the Pt surface, such as
oxalic acid or glycolic acid [33], or OHads [34].
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Figure 10. Complex plane plots corresponding to Pt/C in O2 saturated electrolyte containing 0.5M
C2H6O2. Symbols: measured data; lines: fitted results.

At higher ORR overpotentials (Figure 10b), the mass transport processes at the electrode are
dominant and Rct shows increased values. Interestingly, Rct at 504, 404 and 304 mV in the presence of
EG are smaller than the corresponding values without EG (Figure 9b). The trend of R ct with and
without EG at the Pt/C electrocatalyst can be clearly observed in the plots depicted in Figure 11.
Contrary to what could be expected from the results in Figure 7(a), where the depolarization of
Pt/C is evident in the presence of EG, and therefore an increase in R ct might be the most likely
outcome, the competitive reduction/oxidation reactions that are taking place at the surface proceed in
such a fashion that the resistance is smaller. Thus, eventhough the overall electrochemical performance
of Pt/C during the ORR in the EG-containing solution decreases in terms of onset potential and ORR
current, the charge transfer resistances from Nyquist plots suggest that the Pt catalytic sites may not be
completely blocked by the organic fuel or its intermediates at such high polarization potentials.
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Figure 11. Rct values of the ORR at Pt/C in the absence and presence of 0.5M C2H6O2.

Another particular feature of the spectra in Figure 10 is the absence of an inductive behavior. In
previous reports, low frequency inductive loops appeared in the presence of methanol at Pt-alone
cathodes [30-32, 35]. The authors attributed the presence of such loops to the relaxation of the
adsorbed intermediates of the ORR [30], or to the presence of CO at high polarization [31]. Our results
indicate that the competitive reaction between O2 and EG taking place at Pt/C proceeds in a different
way compared to the competitive reaction between O2 and MeOH. As a result, the intermediates
formed from the EG oxidation reaction (which besides CO or OH-like species are totally different
from those produced from the MeOH oxidation reaction [33]) are not as strongly adsorbed as to
produce the appearance of a well-defined inductive loop.
In a recent work by Zelenay et al. regarding the cathode behavior of Pt/C in the presence of
methanol [31], the authors divided the developing reactions in ORR-part and fuel oxidation-part.
Considering this combined scheme, an explanation to the smaller Rct in the EG-containing electrolyte
(Figure 10b) at high polarization potentials can be as follows:
i)
At the high ORR polarization studied in this work, C2H6O2 can be oxidized at Pt
catalysts [36]. Making a correlation between the LSV with EG in Figure 7(a) and the Nyquist plots in
Figure 10(b), the smaller Rct values at high polarization may be associated to a faster EG oxidationpart, i.e., the high catalytic activity of Pt/C for the EG oxidation reaction clearly has a positive effect in
decreasing the charge transfer resistances at 504, 404 and 304 mV.
ii)
The oxidation of EG may form OH-like species [33, 36], i.e., similar to the oxidation of
EtOH and MeOH [37]. Such intermediates take part in the oxidation of COads to CO2 [37] and also in
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the reduction of adsorbed O species on Pt catalytic sites to form H2O [38-40]. This reduction reaction
might be dominant at higher overpotentials, particularly at 304 mV, where the current in Figure 7(a) is
clearly more related to the ORR-part. It should be mentioned that a recent report shows that at high
surface coverage of OH-like species, the ORR may be hindered at Pt-based catalysts [41]. However,
the presence of such species and their involvement in one of the steps to produce water during the
ORR is widely accepted and has been proposed from experimental and theoretical studies by different
groups [38-40]. The degree of surface coverage and the influence of this parameter on the phenomena
discussed here-above in the presence of the organic molecule is out of the scope of this study.

Figure 12. Complex plane plots at Pt-Co/MWCNT in O2 saturated electrolyte without organic
molecules. Symbols: measured data; lines: fitted results.
Figure 12 shows the Nyquist plots of the ORR at the Pt-Co/MWCNT alloy without fuels.
Similar to Pt/C, the shape of the spectra at low and high polarizations indicate one mechanism with a
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single time constant taking place at the electrocatalyst. It can be observed that Rct becomes smaller in
the 854 to 654 mV interval, but at 504 mV the mass transport processes become more important
compared to the transport at 754 and 654 mV. Therefore Rct becomes higher at increasing polarization
(Figure 12b). Thus, at different degrees of polarization the impedances related to the ORR-part are
controlled by electrochemical kinetics or mass transport limitations, in good agreement with the
literature [29].

Figure 13. Complex plane plots at Pt-Co/MWCNT in O2 saturated electrolyte containing 0.5M
C2H6O2. Symbols: measured data; lines: fitted results.

Figure 13 depicts the complex plane spectra of the ORR at Pt-Co/MWCNT in the presence of
0.5M EG. As in the case of Pt, the response of the alloy for the ORR remains a one-arc mechanism. At
low ORR overpotentials (854 and 754 mV) the values of Rct increase (Figure 13a), related to the values
in the absence of organic fuel (Figure 12a). This behavior of Pt-Co at low polarization is different from
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that of Pt/C in the absence and presence of EG (Figures 9a and 10a, respectively) in which R ct
decreased at 854 mV but increased at 754 mV once the fuel was added to the electrolyte. This
difference is evidently related to the specific reactions taking place at each electrocatalyst, because at
low polarization potentials the dominant reaction on Pt/C clearly is the EG oxidation-part (see Figure
7a), with an apparently hindered ORR-part being developed at such cathode. Meanwhile, at PtCo/MWCNT the process taking place is a competitive reaction with a more important ORR-part along
with the EG oxidation-part (see figure 7b). Therefore, even though in terms of onset potential the
behavior of Pt-Co in the solution containing EG is significantly better than that of Pt, at these
polarization potentials there is a mixed reaction at the surface of the alloy that results in larger charge
transfer resistances at 854 and 754 mV.

Figure 14. Rct values of the ORR at Pt-Co/MWCNT in the absence and presence of 0.5M C2H6O2.

Meanwhile, at high polarization potentials the values of Rct at the alloy with EG (Figure 13b)
are smaller compared to the values without EG (Figure 12b), similar to the behavior of Pt/C at such
potentials. Such trend of Rct values at Pt-Co/MWCNT can be observed in Figure 14.
An apparent semi-inductive behavior seems to show at the Pt-Co alloy in Figure 13(b).
However, only a few dispersed points can be observed in the fourth quadrant. Therefore, it cannot be
concluded that a clear inductive loop related to the presence of EG or reaction intermediates is a
characteristic of the spectra in Figure 13(b). Such feature makes the competitive process involving the
ORR and the EG oxidation reaction different from the case when methanol was the liquid fuel [30, 31].
Thus, an explanation can be given in the same fashion as that for Pt here-above. But
additionally and given the selectivity and tolerance of Pt-Co/MWCNT to EG shown in Figure 7(b), the
following interpretation can be considered as well:
i)
A week adsorption of EG at Pt-Co can be seen in Figure 7(b), allowing for free Pt
catalytic sites in the alloy to catalyze the ORR-part.
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ii)
Weakly adsorbed EG molecules can be oxidized at the catalytic surface of the alloy at
the potentials studied here.
iii)
The reactions related to the oxidation of adsorbed EG generate OH-like species [33, 36]
that contribute to a faster reaction of adsorbed O species to form H2O [38-40]. Thus, the lower Rct
values at high polarization correspond to a faster and dominant ORR-part in a process that involves
both the cathodic and anodic reactions. This interpretation is in good agreement with the results
published previously by Zelenay et al. [31].
Nyquist plots of the ORR at Pt-Co/MWCNT in the presence of EtOH and 2-Prop were also
obtained in this study (not shown). Overall, the shape and characteristics of the spectra are similar to
those with EG in Figure 13 indicating that the ORR mechanism with all three fuels might be
analogous. The corresponding Rct values in the presence of EtOH and 2-Prop are given in Table 2. Our
results in acid medium indicate that the alternative fuels studied here are good candidates to replace
MeOH in fuel cells. Previous reports indicate that the electro-oxidation activity of EtOH and 1Propanol was better in alkaline medium compared to MeOH [42].

Table 2. Rct values of the ORR at Pt-Co/MWCNT in the presence of C2H5OH and C3H8O.

E (mV)
854

Rct @ Pt-Co/MWCNT
( cm2)
O2 with 0.5M
O2 with 0.5M
C2H5OH
C 3 H8 O
29.54
38.41

754

3.28

5.25

654

1.18

1.70

504

1.56

1.78

404

2.67

2.18

304

4.06

2.57

Considering the ORR behavior of Pt-Co/MWCNT with EG, EtOH and 2-Prop, it is clear that
there is a potential-dependent effect of the oxidation of the three different organic substances. The
higher Rct values at low polarization potentials (854, 754 and 654 mV) are due to the adsorption of the
organic molecules or their intermediates on the Pt-Co/MWCNT surface, affecting the kinetics of the
ORR [30, 32].
At increased polarization potentials (504, 404 and 304 mV) the capacitive arcs become smaller,
indicating a faster reaction that involves the ORR-part and the fuels oxidation-part. These results
correlate well with the findings by Zelenay et al. [31], where the authors found out that at increasing
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current densities in their experimental fixture, the diameter of the capacitive circle in the spectrum of a
DMFC cathode decreased, due to an acceleration of the electrode processes.

4. CONCLUSIONS
The RRDE results indicate that the ORR at Pt-Co/MWCNT follows a nearly 4 e- mechanism.
Moreover, LSVs of the ORR in the presence of C2H5OH, C2H6O2 or C3H8O confirm the high
selectivity and tolerance of this cathode.
The EIS results of the ORR at Pt-Co/MWCNT and Pt/C in the absence and presence of the
liquid fuels show one-arc spectra, indicating that the ORR mechanism at the cathodes may not change
when those substances were in the solution. The behavior of Pt-Co/MWCNT for the ORR with EG,
EtOH or 2-Prop is similar. Thus, the ORR mechanism with the three organic molecules is proposed to
be analogous. At high polarization potentials, the Rct values at Pt-Co/MWCNT and Pt/C in the
presence of the fuels are smaller than the values in their absence. This is particularly interesting in the
case of Pt/C because an increase in Rct might be expected due to the fact that the electrochemical
behavior of this cathode during the ORR is appreciably poor in the solution containing EG. The results
indicate that both the ORR-part and the fuel oxidation-part are kinetically enhanced at the high
polarization potentials studied in this work. It is proposed that the fuels oxidation reaction forms OHlike species that participate in the steps to reduce Oads species to water. The degree of surface coverage
by these intermediates and their effect on the impedance measurements in the presence of organic
molecules is out of the scope if this study.
Noteworthy is the fact that no inductive loops were observed at Pt-Co/MWCNT or Pt/C. These
results differ from reports in the literature where an inductive behavior clearly appeared when MeOH
was added to the solution. Thus, the oxidation of the three fuels studied here may proceed by a
mechanism distinct to MeOH where the intermediates produced are not as strongly adsorbed at the
catalytic sites of the cathodes as the intermediates formed during the methanol oxidation reaction.
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