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Abstract

In this work the authors present the results of a systematic characterization and evaluation of the carbon nanotube supported Pt-Ru (Pt-Ru/CNT)
for its use as methanol oxidation catalyst. Its activity was compared with that of Pt and Pt-Ru catalysts supported on Vulcan and synthesized from
carbonyl precursors, and another commercial Pt-Ru catalyst. The cyclic voltammetry, CO stripping and electrochemical impedance techniques
were employed to determine the electrocatalytic activity of the catalysts. The electrochemical studies were performed in 0.5 M H,SO, containing
different concentrations of methanol (0.05—1 M). The results showed a noticeable influence of the catalyst support (CNT) on the performance of the
catalyst for CO oxidation. The electrochemical impedance studies allowed us to separate the different steps in the methanol oxidation reaction and
to control these steps or reactions by varying the applied potential and the methanol concentration. At low methanol concentration and potentials
the de-hydrogenation of methanol predominated. But, at high potential and methanol concentrations, the CO oxidation predominated. These results
allowed us to clearly describe at what potential and concentration ranges the bi-functional effect of Ru becomes evident. Our results indicated that
the CO oxidation occurs both on Pt and Ru. Compared to other catalysts, Pt-Ru supported on carbon nanotubes showed superior catalytic activity

for CO and methanol oxidation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In order to satisfy the constant increase in the demand for
energy, it is necessary to develop efficient energy production
processes and optimize the existing production technologies.
Among the new technologies, fuel cells stand out as a potential
energy production technology, with the advantage of having a
zero or very low emission process. Nevertheless, the commercial
application of the fuel cells has been limited by their high cost
and in some cases insufficient practical performance. Among
the different types, the Direct Methanol Fuel Cell (DMFC)
is very promising for portable applications and in electrical
vehicles.
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Methanol is a liquid fuel which provides high energy density
and has important advantages over hydrogen in terms of stor-
age, transportation, and cost [1,2]. However, the main factors
that limit and diminish the practical performance of the DMFC
are the slow kinetics of methanol oxidation and the poisoning of
the anode catalyst. In order to surpass these problems, catalysts
with higher catalytic activity are necessary. Pt is a good cata-
lyst for methanol oxidation; however, it is quickly poisoned by
the CO reaction intermediates [3—6]. Superior catalytic activities
have been reported for Pt based alloys, such as Pt-Ru, Pt-Mo,
Pt-Sn, Pt-Os, Pt-Ru-Os, etc. [4,7-10]. This enhancement effect
has been explained by models such as the “bifunctional mecha-
nism” [11-14] and/or by the “electronic effect” [15-17], which
indicates a promotional effect of the alloyed metal on Pt. Partic-
ularly, Pt-Ru has been the most investigated binary system, and
has shown the best catalytic activity [8,14,18-20]. Nevertheless,
the search for the optimum catalytic activity for Pt-Ru catalyst
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continues being a subject of active research. There are several
factors that influence the physical properties and the electro-
chemical performance of the Pt-Ru catalyst [8,14,21]: (1) the
preparation method, (2) the atomic ratio between platinum and
ruthenium, (3) the nature of the catalyst support, and (4) an
optional heat treatment, are the important ones. Other important
factors such as the particle size, the morphology, the electro-
chemically active area, and the crystalline phase influence the
physical properties.

The chemical or electrochemical reduction of the metallic
ions from their salts has been the most common method for
the synthesis of Pt-Ru in its supported or unsupported form.
A new preparation method of the binary catalyst was reported
by Dickinson et al. [22] who used carbonyl compounds as
metal precursors. From the synthesis of a complex platinum
carbonyl and combining it with a ruthenium carbonyl com-
pound and carbon (Vulcan XC-72R) in a thermolysis reaction,
they produced a carbon supported catalyst. The authors of the
research presented here followed this methodology, with the dif-
ference that we used multi-walled carbon nanotubes as support
material, and in addition, we submitted the catalysts to a heat
treatment in a hydrogen atmosphere to improve their catalytic
properties.

Recently the importance of catalyst support for fuel cells
has been recognized and different forms of carbon have been
suggested [23-25]. The structure, surface area, and porosity
are factors that directly affect the performance of the catalysts
[23-25]. The application of carbon nanotubes as support for
the fuel cell catalysts has been a subject of great interest dur-
ing the last few years [24—27]. Their high surface area is a very
important characteristic because of a better dispersion of the cat-
alyst, which generally entails a better catalytic activity. Pt-Ru
nanoparticles have been either electrodeposited on carbon nan-
otube or impregnated on multi-walled and single-walled carbon
nanotubes, obtaining high electrocatalytic activity for methanol
oxidation [24,26].

In order to determine the catalytic activity of the anode cat-
alysts, and to characterize the processes taking place at the
anode and cathode of a DMFC, the electrochemical impedance
spectroscopy (EIS) has been used recently as a powerful tool
by some researchers under real operating conditions. Using
simple equivalent circuits, the impedance behavior correspond-
ing to the anode and cathode processes have been explained
[28-30] showing this technique as a useful tool for the devel-
opment of the DMFCs. Methanol oxidation has been investi-
gated by EIS technique using a variety of catalysts: polycrys-
talline platinum [31,32], carbon supported Pt [33,34], Pt-Ru
[35], and Pt-Sn [36] in acid media, and a cobalt hydroxide
modified glassy carbon electrode in alkaline media [37]. How-
ever, there has been no report on the impedance characteristics
of carbon nanotube supported Pt-Ru catalyst. In the present
study, we applied the EIS technique for the electrochemical
characterization of methanol oxidation on Pt-Ru catalysts sup-
ported on a multi-walled carbon nanotube (Pt-Ru/CNT). CO
stripping experiments were also used to characterize its perfor-
mance of CO oxidation and to determine its electroactive surface
area.

2. Experimental details
2.1. Catalyst preparation

The synthesis of the catalyst was performed following the
method described by Dickinson et al. [22]. The precursors used
were Pt carbonyl complex ([Ptg(CO)(,]nz’) and commercially
available Ru carbonyl, [Ruz(CO)1,, Aldrich]. To prepare a Pt
carbonyl complex, there are a number of reports in the literature
[22,38,39]. Pt carbonyl complex was firstly prepared by purging
CO through an aqueous solution of chloroplatinic acid (H, PtCle,
Aldrich) for 24 h with constant mechanical stirring. After that,
the Pt carbonyl precursor was mixed with Ru carbonyl and
commercial multi-walled carbon nanotubes (MER Corporation,
Arc-produced MWNT). Nanotubes were 620 nm in diameter
and 1-5 pm in length, and they were used as received. Then
the mixture was refluxed in o-xylene in a round bottom flask
at 143°C for 24h with constant mechanical stirring. At the
conclusion of the reaction, the mixture was allowed to cool
down to room temperature. Later on, the o-xylene was removed
by a vacuum method and the catalyst was let to dry for sev-
eral days. The precursor quantities were chosen to obtain a
50:50 Pt:Ru atomic ratio. An additional step to the Dickin-
son’s method was to submit the catalyst to a thermal treatment
in a hydrogen atmosphere at 300 °C for 3 h. For the sake of
comparison the Pt-Ru (50:50) and Pt catalysts supported on Vul-
can (XC-72C Cabot) were prepared following the methodology
described earlier. In all the cases the catalysts amount in carbon
was 20 wt.%.

To prepare the electrode, 1 mg of the catalyst was mixed
with 10 1 of Nafion solution (in 5% of aliphatic alcohols, Elec-
trochem Inc.) and diluted in isopropanol in an ultrasonic bath.
From the resulting ink, 5 pul was deposited as a thin film on a
graphite rotating disk electrode (rde) with a cross-sectional area
of 0.19 cm?.

2.2. Physical characterizations

In a Siemens diffractometer with Cu Ko radiation (1.5406 A
wave length) operated at 35keV and 25 mA, X-ray diffraction
(XRD) patterns were obtained at a rate of 2° min~! for values of
26 between 10° and 90°. The peak Pt(220) was used to deter-
mine the average particle size using the Scherrer equation [40].

The Transmission Electronic Microscopy (TEM) images
were obtained through a JEOL JEM - 2010F Microscope oper-
ated at 200 keV. The Pt-Ru/CNT catalyst was deposited on a cop-
per grid. High resolution images were also obtained (HRTEM).

2.3. Electrochemical measurements

For the electrochemical experiments a glass cell with a three
electrode configuration was used. A Saturated Mercury Sulphate
Electrode (SSE) placed within a capillary luggin was used as the
reference electrode. The counter electrode used was a graphite
bar and the working electrode was the rde containing the catalyst.
All potentials reported in this work were corrected with respect
to the Normal Hydrogen Electrode (NHE). Half cell data were
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obtained using a Solartron Electrochemical Interface (model IF
1287) and the Correware software.

In order to determine the catalytic activity of the Pt-Ru/CNT
for methanol oxidation, cyclic voltammetry (CV), EIS, and CO
stripping experiments were carried out at room temperature
(23 &1 °C). For the CO stripping voltammetry, carbon monox-
ide (chemically pure) was absorbed onto the Pt-Ru/CNT catalyst
by bubbling it into the supporting electrolyte (0.5 M H,SOy4) for
20 min, while the potential was held at 0.15 V/NHE. To remove
the CO dissolved in the electrolyte a N, purge was applied with
the potential still held at 0.15 V. The experimental conditions of
CO absorption time and potential were taken from the literature
[41] and considering that at this potential there is no spontaneous
CO adsorption or oxidation. The potential was then cycled start-
ing at 0.15 V for three cycles at 10mV s~

EIS experiments were carried out in 0.5 M H,SO4 with dif-
ferent methanol concentrations (1.0, 0.5, 0.1 and 0.05 M). The
impedance spectra were registered at frequencies from 10° to
1073 Hz with a logarithmic data collection at seven steps per
decade with amplitude of 10 mV at the desired potential. Dur-
ing measurements, the rde was rotating at 1600 rpm to establish
a constant diffusion regime. For impedance measurements an
impedance analyzer IF 1260 and the Z-plot and Z-view soft-
wares were used.

3. Results and discussion
3.1. XRD and TEM characterization

Fig. 1 show the XRD patterns for the catalysts, Pt-Ru/CNT
(Pt-Ru supported on carbon nanotube), Pt-Ru/C (Pt-Ru sup-
ported on Vulcan), Pt/C (Pt supported on Vulcan) and the com-
mercial catalyst PtRu/Ccom (Electrochem, 20 wt.% Pt, 10 wt.%
Ru, supported on Vulcan). All the catalysts, except the commer-
cial Pt-Ru, were synthesized via the same route (starting from the
carbonyl precursors of Pt and Ru). The XRD patterns of the cat-
alysts were compared with the standard patterns of Pt (JCPDS,
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Fig. 1. Patterns of X-ray diffraction of the Pt/C and Pt-Ru/CNT catalyst.

card 4-802) and Ru (JCPDS, card 6-663). The diffraction peaks
in all the diffractograms indicate the presence of the face cen-
tered cubic (fcc) structure of Pt represented by the planes (11 1),
(200), (220), (311), and (222) (JCPDS, card 4-802). In the
case of Pt-Ru/CNT, the diffraction peaks around 26°, 42° and
54° are attributed to the hexagonal structure of graphite (002),
(100), and (004) [25,27]. In addition, only in the case of Pt-
Ru/CNT diffraction peaks were observed at 44° (10 1) and 78°
(10 3), those were assigned to hcp structure of Ru (JCPDS, card
6-663), which is shown as the dotted line in the figure. These
results indicate that Pt and Ru are in separate phases. Never-
theless, the diffraction peaks Pt(1 1 1) and Pt(2 2 0) for Pt/C are
observed at 260 values, 39.8° and 67.5°, respectively, where as
for the Pt-Ru catalyst these peaks are seen displaced to higher
angles, particularly for Pt-Ru/CNT they are at 40.2° and 68.2°.
This displacement of the peaks indicates the formation of Pt-Ru
in an alloyed phase [41]. The lattice parameter (ag.) is useful to
show the formation of the Pt-Ru alloyed phase in the fcc struc-
ture. The reported values of ag.. for Pt/C are between 3.9155
and 3.9244 A [6,42,43], where as in the present study the value
of ag. is 3.921. Meanwhile for the Pt-Ru alloy there exists a
decrease in ag values due to the smaller size of Ru incorpo-
rated in the fcc structure of Pt [6]. For PtRu/C¢opm, Pt-Ru/C and
Pt-Ru/CNT, the values of as.. are 3.8931, 3.8936 and 3.886 A,
respectively, which indicates the formation of the Pt-Ru alloy.
However, with Pt-Ru/CNT also there exist the separate phases
of Pt and Ru, as seen in the diffractogram.

In Fig. 2, TEM images are shown of the morphology of the
PtRu/CNT catalyst. In Fig. 2a, small particles of Pt-Ru stuck
to the carbon nanotube are observed. However, its distribution
is not very homogeneous. In Fig. 2b, a high resolution TEM
image is presented. The form and size of the particles are not
well defined, possibly due to a certain agglomeration of the par-
ticles or to the strong interaction of the support material with the
particles under the conditions of the sampling equipment. The
particle size was estimated at approximately 5 nm, greater than
the value determined by XRD due to the scant definition of the
particles. Crystalline graphite planes are clearly observed. Also,
the Pt-Ru particles deposited show lattice fringes for which fur-
ther information was not obtained regarding the parameters of
lattice, ordering and orientation in order to determine whether
the particles correspond to the Pt, to the Ru or to a bi-metallic
Pt-Ru particle.

3.2. CO stripping voltammetry study

Fig. 3a corresponds to the cyclic voltammetry during the first
3 cycles after the catalyst (Pt-Ru/CNT) was pre-absorbed with
CO for 20min at 0.15 V. The scanning potential was initiated
in the anodic direction. As the scanning progressed, one could
observe an anodic peak corresponding to the oxidation of CO,gs.
In the following cycles this peak is no longer present, which indi-
cates that all of the CO absorbed was completely unabsorbed
during the first cycle. The onset potential and peak potential
for the oxidation of CO,q4s are 0.34 and 0.46V, respectively.
For the sake of comparison, Fig. 3b presents the CO stripping
voltammograms on Pt-Ru/C.om, Pt-Ru/C, Pt/C along with the
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Fig.2. TEM images of the Pt-Ru/CNT (a) low resolution and (b) high resolution.

voltammogram for Pt-Ru/CNT. One can observe in Fig. 3b that
the characteristic of the oxidation peak of CO,qs depends on
the nature of the catalyst. The onset potential for the oxidation
of CO,qs is similar for PtRu/C.om, PtRu/C and PtRu/CNT, but
for Pt/C this potential is more positive, which implies a higher
overpotential. The oxidation peak for CO,q is observed at 0.5 V
for all the catalysts that contain Ru except Pt-Ru/CNT. For Pt-
Ru/CNT the oxidation peak of CO,q4s is more negative, which
indicates that the CO,q5 oxidation becomes energetically more
favorable. In other words, one can say that Pt-Ru/CNT is catalyt-
ically more efficient than the other catalysts. In the meantime the
peak potential for CO,q4s oxidation on Pt/C remains at 0.77 V as
reported by other authors [44-47].
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Fig. 3. (aandb) COyuqs stripping voltammograms recorded at 10 mV s ! in 0.5 M
H,S04.

After the oxidation peak, the current falls and stays at a con-
stant value. The current value depends on the type of the catalyst,
which means there are still absorbed species on the catalyst
surface, with Pt/C having more current than Pt-Ru/C and Pt-
Ru/CNT. Similar characteristics for these catalysts have been
reported by other authors also [48]. The peak shape is similar
for all the catalysts, a broad peak indicates a slow oxidation
reaction. In the case of Pt/C, the peak shape is symmetric and
sharp, which indicates a fast oxidation reaction, but the reaction
takes place at potentials which are not adequate for the proper
functioning of a direct methanol fuel cell.

The displacement of the onset and peak potentials in a nega-
tive direction in the case of the catalysts containing Ru compared
to Pt/C is mainly related to the bi-functional mechanism [49],
where the beneficial effect is related to the formation of Ru-OH
species at low potentials, which facilitates the complete oxida-
tion of adsorbed CO as was reported by others [9,50,51]

Ru + HyO — (OH)ys+H +e~ (1)
(CO)ads + (OH)ags — CO2 + H* +e 2)
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This confirms the important role of Ru in the oxidation of CO
and hence that of methanol. Also, the above results indicate the
importance of the support material for a better performance of
the catalyst, especially in the case of carbon nanotubes.

3.3. Evaluation of the electroactive area

From Fig. 3b the area under the curve was determined. This
area corresponds to the amount of charge related to the oxidation
of CO adsorbed on the catalyst surface. The voltammetric area
(without CO adsorption) was subtracted from the CO stripping
area to eliminate the contributions of the double layer region.
To determine the electroactive area the value of 420 pu.C cm™2
was used as the oxidation charge of one monolayer of adsorbed
CO on a smooth Pt surface [52-54]. Table 1 gives the summary
of the parameters such as onset potential, peak potential, the
charge associated with oxidation of CO,qs and the electroac-
tive area, extracted from the CO stripping curves. From Table 1,
one can observe that Pt-Ru/CNT has the best characteristics for
the onset and peak potential. But, this catalyst shows low charge
associated with the CO,q45 oxidation and hence a lower electroac-
tive area compared to the catalysts, Pt-Ru/C and Pt-Ru/Cop.
The Cu stripping has been reported as an adequate technique
to determine the electroactive area of Pt-Ru catalysts due to the
similarities in the atomic radii of these elements (Cu-0.128 nm,
Pt-0.135 nm, Ru-0.134 nm) and assuming that each atom of Cu
adsorbed is equivalent to a superficial metallic atom of Pt or
Ru [55]. It is also generally accepted that the CO adsorption
on Pt is effected through a linear bond 1:1, in the case of Ru it
is reported that this interaction can be via a linear bonding or
the bridge bonding, where the CO:Ru bonding relation can be
up to 2:1 [52]. Hence the adsorption of CO on Pt-Ru may not
be considered as the 1:1 type. Considering the fact that in the
present study, the bi-metallic catalyst and the catalyst support
are nanostructured materials and taking into account arguments
presented with respect to the atomic radii and bond type, it is
possible that the considerations made in the determination of the
electroactive area may not be correct for these kinds of catalysts
and that we need to look for another methodology to evaluate
their electroactive area.

3.4. Electrochemical impedance characterization of
Pt-Ru/CNT

The electrochemical impedance characterization of the oxi-
dation of methanol on Pt-Ru/CNT catalyst was done in 0.5 M
H>SO4 with different concentrations of methanol and by apply-

Table 1
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Fig. 4. Cyclic voltammograms for Pt-Ru/CNT in 1 M CH30H/0.5M H,SO4
showing the selected potentials for EIS experiments.

ing different potentials. These studies were done in a frequency
range of 103 to 1072 Hz, with amplitude of 10mV and from
stationary state to 1600 rpm.

3.4.1. Effect of applied potential

Fig. 4 shows the voltammetric response corresponding
to a potential sweep of 10mVs~! and 1600rpm in 1M
CH30H/0.5 M H»SO4 for the Pt-Ru/CNT deposited on a rotat-
ing disc electrode. From this response the potentials at which the
impedance studies would be done were selected, which are indi-
cated in Fig. 4. The potential interval selected was 350-600 mV
with an increment of 50 mV. Fig. 5 gives the impedance spectra
for the above-mentioned system. The complex plane plot of the
impedance spectra is shown in Fig. 5a and the Bode plot is given
in Fig. 5b. In the complex plane impedance plot, a semicircle
which cuts the real axis is observed. The diameter of this semicir-
cle decreased as the applied potential increased and an inductive
loop appeared at low frequencies (see the insert figure). Similar
results have been reported for Pt and Pt-Ru [33-35], where the
inductive effect was attributed to the kinetics of the electrooxida-
tion of methanol, in particular, to the CO oxidation. On the other
hand, the Bode diagram showed that the phase angle is indepen-
dent of the applied potential in the frequency range 1000-10 Hz.
At low frequency ranges, the phase angle shows a maximum; its
value depends on the applied potential as well as frequency. The
maximum phase angle is obtained when the applied potential is
the lowest. As the electrode potential is increased, the maximum

CO,q;s stripping characteristics and electroactive areas determined from the charge to oxidize a monolayer of CO on Pt and Pt-Ru catalysts

Catalyst Eonset (V) Epeak (V) Charge (C) Electroactive area® (cm?) Electroactive area (m? g;tl)
Pt/C 0.5 0.77 1.04 x 1073 2.5 6
Pt-Ru/Ceom 04 0.5 1.02 x 1072 24 30
Pt-Ru/C 0.37 0.49 9.5x 1073 23 29
Pt-Ru/CNT 0.34 0.46 1.7x 1073 4 5

@ Equivalent to a geometric area of 0.19 cm™2.



920

A.L. Ocampo et al. / Journal of Power Sources 160 (2006) 915-924

- 350 mV -150 < 600 mVv
4000 | ® 400 mV Best fit
A 450mVv 10 T T
1y soomv. =~ - \
|e® s50mv Y- \
30001 4 600mv £ O// )
G L™
- T 50 100 150 200 250 300
—_ Re (Z) / @
N 2000
E
1000 —
0
1 OOO 2000 3000 4000
(@) Re (2)/Q
-804 m 350 mV
. ® 400 mV
8 displacement A 450 mV
> v 500 mV
o -604
3 ¢ 550mV
- 4 600mVv
£ 404
Q
()]
e
T 20
(]
[ 2]
©
o
0 4
displacement
MRARA | T MR | MR | T T
1E-3 0.01 0.1 1 10 100 1000
(b) Log (frecuency) / Hz

Fig. 5. (a) Complex plane impedance plots in 1 M CH3OH/0.5 M H,SO; at var-
ious electrode potentials, (b) the corresponding Bode plots. Solid lines represent
the fitted data to the equivalent circuit of Fig. 6.

in phase angle decreased and shifted to higher frequencies (see
the direction of the arrow in Fig. 5b). It is also seen in Fig. 5b
that the amplitude of the phase angle extends more than one
frequency decade, which is attributed to the multiple processes
interrelated by their time constants. Similar responses have been
reported for coupled reactions [56]. In the case of responses
obtained for frequencies below 0.1 Hz, the phase angle values
cross the frequency axis and move towards positive values. Also,
in this case we observed a maximum in positive values of phase
angle and a displacement towards higher frequencies for the
phase angle where it crosses the frequency axis. Similar char-
acteristics for the variation of phase angle with frequency have
been reported earlier by Hsing et al. [34] and Sugimoto et al.
[35], where the two maxima (for positive and negative phase
angle values) represent the existence of two different time con-
stants [34]. The time constant at high frequencies corresponds
to the occurrence of a fast reaction step and that of low frequen-
cies corresponds to a slow reaction step. The methanol oxidation

reaction on Pt-Ru may be described as [4,57]
Pt + CH30H — Pt—(CH30H),4s (3a)

Pt—(CH30H)ags — Pt—(CH30)aqs + H +€~ (3b)

Pt—(CH30),95s — Pt—(CH30)qqs + H + e~ (3c)
Pt—(CH0),4s — Pt—(CHO)aqs + HT +¢~ (3d)
Pt—(CHO),45s — Pt—(CO)aqs +H +e~ (3e)
Ru + H,O — Ru—(Hp0)us (4)
Ru—(H,0) — Ru—(OH),qs +H" +¢~ &)

Pt—(CO)ag4s + Ru—(OH)ygs — Pt + Ru + CO,+H' +e™ (6)

Considering these reactions, the time constants at high frequen-
cies can be related to the de-hydrogenation of methanol (Eqs.
(3a)—(3e) and those at low frequencies may be related to the
COyqs oxidation velocity (Eq. (6)). On the other hand, Sugimoto
et al. [35] attributed these maxima in phase angle values to the
transitions occurring from the capacitive to resistive characteris-
tics (high frequencies) and resistive to inductive characteristics
(low frequencies). These displacements in phase angles sig-
nify the fact that the reaction velocities for de-hydrogenation
of methanol and CO oxidation are increased with an increase in
applied potential.

The impedance results were converted into equivalent elec-
trical circuits using the Equivalent Circuit program available
with the potentiostat (EG&G-PARC, Version 4.51). The fitted
impedance curves correspond to the solid lines in Fig. 5. Two
equivalent circuits were generated for this effect. The first one
(Fig. 6a) corresponds to the potential interval 350450 mV and
the second one (Fig. 6b) to the potential interval 500-600 mV. In
Fig. 6, R, represents the solution resistance, CPE1 the constant
phase element associated with the double layer capacitance, R
the charge transfer resistance associated with methanol oxida-
tion, R, and L are associated with the adsorption processes of
intermediates formed during methanol oxidation and CPE2 and
R are associated with the CO,q5 oxidation.

Table 2 gives the values of the components of the electri-
cal equivalent circuits corresponding to the impedance results
(Fig. 5) obtained for Pt-Ru/CNT in 1 M CH30H/0.5M HSO4.
It is seen in Table 2 that the electrolyte resistance (Rg) is con-

CPE1

Rs Rct

A ——AA——-0
Ro L

(a) — A\ \N—000—

CPE1
Rs Ret
o Reo /\/\/\, O
Ro L
(b) “AAN\—00—

Fig. 6. Equivalent circuit for modeling electrochemical impedance of Pt-
Ru/CNT in 1 M CH30H/0.5M H,SO;4 for potentials (a) from 350 to 450 mV
and (b) from 500 to 600 mV.
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Table 2

Electrical element values of the equivalent circuit of the impedance plot for Pt-Ru/CNT in 1 M CH30H/0.5M H;,SOy at various electrode potentials

Potential (mV) Ry () R (R) C1 (F) C2 (F) Rso () Ro (Q) L (H)
350 65 3.9 x 10° 8.54 x 1074 - - - -

400 66 2% 103 7.9 %1074 - - 6x103 6.5 x 10*
450 67 8.5 x 107 8 x 107 - - 2.8 x 10° 2% 10*
500 68 5% 10? 8.2 x 107 43 %1072 1.3 x 10? 1.2x 103 4.4 %x10*
550 61 3.2 % 10? 8.5x 1074 1.08 x 1072 8.9 x 10! 9.6 x 107 22x10°
600 64 2.1 x 10? 9.5x 10~ 4%1073 2 x 10! 8.3 x 10% 2% 103

stant for the whole interval of applied potential, which indicates
that the electrolyte conductivity does not change. The R value
associated with the de-hydrogenation of methanol (steps a—¢ of
reaction (3)) diminished with increasing potential. Considering
the voltammetric response shown in Fig. 4, it is observed that
as the potential increased (during the applied potential inter-
val of interest) towards more positive values the methanol de-
hydrogenation reaction seems less important and gradually the
CO oxidation reaction predominates. This is due to the progress
of the reactions coupled with the CO oxidation on Pt in such a
way that these effects are reflected in the variation of Ry, i.e.,
R diminishes as the applied potential increases.

In the case of the constant phase elements, the value of n was
>0.9 in all cases. With this, the real values of capacitance were
evaluated and are shown in Table 2. The double layer capaci-
tance values C1 are almost constant during the whole interval of
applied potential, but, it is important to mention that their val-
ues are higher than those reported normally for the double layer
capacitance (107°~107 F). This may be explained by the fact
that this parameter (C1) involves other contributions such as the
adsorption of the carboxylated species, the product of the de-
hydrogenation of methanol (reaction (3a)—(3e), which promotes
and takes place during the applied potential range. This result is
in accordance with the voltammetric response of Fig. 4. R, and
L are associated with the limiting step of reaction (6), the oxi-
dation of CO on Pt. The decrease in their values with increasing
potential is attributed to the fact that the velocity of CO oxidation
is more rapid with increasing applied potential. Finally, C2 and
R (Fig. 6b) are defined only when the impedance response cor-
responds to higher potentials. These elements of the equivalent
circuit describe the adjustment of the total inductive response
at very low frequencies and it is considered that they describe
the oxidation process of CO on sites different from Pt, i.e., CO
oxidation on Ru sites.

3.4.2. Effect of methanol concentration

The EIS studies were carried out in 0.5M H,>SOy4 at differ-
ent concentrations of methanol (0.05, 0.1, 0.5 and 1 M). The
impedance response was obtained for each concentration of
methanol and for different applied potentials. Fig. 7 displays
a comparison of the responses obtained for different concentra-
tions of methanol at 500 mV. The complex plane plot of the data
(Fig. 7a) shows a semicircle for all the concentrations. For the
higher concentrations (0.5 and 1 M) the diameter of the semi-
circle decreased and at low frequencies an inductive loop is
observed (see insert figure).

The Bode plot (Fig. 7b) shows that at high frequencies, the
phase angle is independent of the concentration (except for
the 0.1 M, possibly due to a change in the mechanism or an
additional step for this concentration). As low frequencies are
reached, a maximum in the phase angle is obtained, which
depends on the methanol concentration and frequency. The
impedance response may be divided into two parts; the ones
at high methanol concentrations and the others at low concen-
trations of methanol. For the higher concentrations of methanol,
the maxima in phase angle shows lower values compared to that
of lower concentrations and are displaced towards higher fre-
quencies. At low frequencies, the higher concentrations show
positive phase angle values, which corresponds to the inductive
effect shown in Fig. 7a. It is important to mention that for the
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Fig. 7. (a) Complex plane impedance plots in 0.5M H;SO4 for different
methanol concentrations and at 0.5 V electrode potential and (b) the correspond-
ing Bode plots. Solid lines represent the fitted data to the equivalent circuit.
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Table 3

Electrical element values of the equivalent circuit of impedance plot for Pt-Ru/CNT in 0.5 M H, SOy for different methanol concentrations at 500 mV

Methanol conc. (M) Rs () Rt () Cl1 (F) C2 (F) Roo () R, (R) L (H)

1.0 68 5 x 10? 82 x 10~ 43 %1072 1.3 x 10? 12 x10° 4.4 x 10*
0.5 73 4.7 x 10? 1.4 %1073 2.7 %1073 3.3 x 10! 1x10° 5% 103
0.1 11 6 x 10° 1.5x 1073 - - - -

0.05 32 5.6 x 10° 2.6x1073 - - - -

lower concentrations, no inductive effect was observed for any
applied potential. Along these lines, Jafarian et al. [37] have
reported similar results for methanol concentrations between
0.05 and 0.5M, while the inductive effect appeared for higher
concentrations.

The equivalent circuits used to simulate the impedance
response at higher concentrations of methanol are shown in
Fig. 6. For the lower concentrations, a new equivalent circuit,
shown in Fig. 8, was used for the whole applied potential inter-
val. Since there appeared to be no inductive effect for the lower
concentrations, the equivalent circuit contains only Rs, CPE1
and R, with the previously mentioned characteristics.

Table 3 gives the values of the equivalent circuit elements
obtained for different concentrations of methanol for an applied
potential of 500 mV. In all the cases, R changes, which is logical
since the electrolyte concentration is different in each case, and
hence the electrolyte conductivity. Comparing Tables 2 and 3,
it can be observed that, for low methanol concentrations and
low applied potentials, the R values are similar, which means
the de-hydrogenation of methanol is predominant. For higher
applied potentials (450-600 mV) and high methanol concentra-
tions, the reaction velocity for methanol de-hydrogenation and
CO oxidation increase. This indicates that the global reaction
speed for methanol oxidation can be promoted by the applied
potential as well as the methanol concentration.

The C1 values tend to increase with the decrease in methanol
concentration, which indicates a higher influence by the species
produced during the de-hydrogenation of methanol at low con-
centrations. In this case, the C1 values are higher than those
normally reported for the double layer, which indicates that there
is an effect due to the concentration of the species adsorbed on
the electrode surface, as was observed in the case of the effect
due to the applied potential (Table 2). R, and L were defined for
the higher concentrations, but their values indicate a higher CO
oxidation speed for the methanol concentration of 0.5 M. The

CPE1

Rs

AN~

Rct

—A—

Fig. 8. Equivalent circuit for modeling electrochemical impedance of Pt-
Ru/CNT in 0.5 and 1 M CH30H/0.5 M H,SO4 for the whole interval of applied
potential.

elements C2 and R, were present only for high concentrations
and it is noteworthy that their order of magnitude is similar in
the case of higher potentials (Table 2), which indicates that these
elements correspond to the same process promoted by higher
potentials and concentrations of methanol. As was discussed in
the previous section, it is possible that in these conditions there
can be a higher participation of Ru as catalyst and that the CO
oxidation takes place on Ru also, which induces the appearance
of a new process reflected in C2 and R.

To compare the kinetics of methanol oxidation, a summary
of the charge transfer resistance per unit area as a function of
applied potential and methanol concentrations is presented in
Table 4. For all the concentrations, the R values diminish as
the potential increase, which, as discussed earlier, is attributed to
the increase in the speed of methanol de-hydrogenation and CO
oxidation. Itis also observed that at low concentrations, the resis-
tance values are very high, especially at low potentials where the
de-hydrogenation of methanol dominates. Atlow concentrations
and high potentials, the favored reaction is CO oxidation. Simi-
lar tendencies have been reported in the response of the charge
transfer resistance in the case of PtRu/C in 1 M CH30H/0.5M
H,S04 at 60 °C, for the potentials from 300 to 550 mV [35]. For
Pt/C (50 wt.%), Otomo et al. [33] have reported a decrease in
R value during the interval 350-600 mV, and observed that at
higher potentials, R increased again. They also reported that,
for methanol concentration in the range of 0.05-1.0 M, the R
values diminished drastically while for the concentration range
2.0-10.0 M, the decrease in R was slower. For Pt-Ru supported
on carbon nanotubes, there were no reported data for R values.

Through the impedance analysis it has been possible to
describe the mechanism of methanol oxidation in 0.5 M H>SOy,
controlling the different parameters. The results demonstrated
the bi-functional effect of Pt-Ru/CNT catalyst in the methanol
oxidation. Hence Pt-Ru/CNT may be considered as an alterna-
tive catalyst/support system for the anode of the direct methanol
fuel cell.

3.5. Cyclic voltammetry of methanol oxidation

Fig. 9 displays a comparison of catalytic activity for
Pt-Ru/C¢om, Pt-Ru/C, and Pt-Ru/CNT catalysts in 1M
CH30H/0.5 M H»>S0O4. The onset potential for methanol oxida-
tion is very similar for all the catalysts (350-400 mV), which
corresponds well with the results shown in Fig. 3b for the
onset potential for CO oxidation, and also with the inductive
effect shown in the impedance results. The peak potential is
slightly smaller for Pt-Ru/C and Pt-Ru/CNT. The catalytic activ-
ity is similar for the catalysts, Pt-Ru/CNT and Pt-Ru/Cop, with
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Table 4

Charge transfer resistance for methanol oxidation obtained from Impedance measurements

Potential (mV)

Charge transfer resistance R¢; (2 cm™2)

1.0 (M) 0.5 (M) 0.1 (M) 0.05 (M)
350 970.2 855.7 4328.4 3124.4
400 532.3 462.7 2395.5 22313
450 2114 248.8 2059.7 17413
500 126.7 117.7 1477.6 1403
550 78.4 78.6 - -
600 52.7 54.5 - -

03] ——PtRUCNT
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Fig. 9. Cyclic voltammograms for the different Pt-Ru catalysts; straight line for
the carbon nanotube supported, dash line for the commercial, and dotted line for
the carbon (Vulcan) supported, in 1 M CH30H/0.5M H;SO4 with a scan rate
of 10mVs~!.

values 0.26 and 0.27 mA cm ™2, respectively, at the peak poten-
tial. Similar to the results obtained for CO oxidation, a better
electrocatalytic response was obtained for methanol oxidation
on catalysts supported on carbon nanotubes compared to the cat-
alyst supported on Vulcan. It demonstrates the influence of the
support material for methanol oxidation.

4. Conclusions

A systematic study was carried out on the performance of
Pt-Ru catalyst supported on carbon nanotube for methanol oxi-
dation. The superiority of the carbon nanotube as catalyst sup-
port, compared to Vulcan, in the electrooxidation of methanol
(and hence oxidation of CO) on Pt-Ru catalyst was demonstrated
in the present study. Considering the results obtained from CO
stripping studies, the necessity of proposing new methods for the
evaluation of the electroactive area of nanostructured materials
supported on nanostructured catalyst supports was established.
Through electrochemical impedance analysis, it was possible
to describe the various stages of methanol oxidation reaction,
i.e., the de-hydrogenation and oxidation of CO,qs, by applying
different potentials and/or varying the methanol concentration.
This technique made it possible to control each and every one

of these reaction steps and to demonstrate the predominance
of each one. This permitted us to describe those conditions at
which the bi-functional participation of Ru in methanol oxida-
tion seems more important, demonstrating that CO oxidation
takes place on Pt as well as on Ru.
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