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Abstract

The results of methanol and ethanol oxidation in acidic medium on Pt electrodes deposited on Ti substrate using the Pechini method are presented.
In this route the metallic salts were dissolved in a mixture of ethylene glycol (EG) and citric acid (CA) forming a polyester network, which is
painted onto a Ti substrate and then heat treated at 600 ◦C in order to obtain the metallic Pt thin films. The X-ray diffraction analysis showed the
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resence of Pt pattern peaks. The presence of the (4 2 0) plane in a higher amount compared to bulk Pt was observed and the peak position of
he planes (2 0 0) and (4 2 0) were displaced by approximately −0.3◦. The roughness data presented almost the same values for Ti and Ti/Pt. The
lectrochemical characterization of the electrodes in 0.1 M HClO4 showed a typical Pt voltammetric profile. Although the voltammetric profiles
f Ti/Pt and bulk Pt were the same, the electrocatalytical behavior for methanol oxidation showed an enhancement of the oxidation current density
eak, which increased by 170% compared to bulk platinum. Although, the current density peak for ethanol oxidation on Ti/Pt is smaller than for
t, it began at 0.11 V less positive than the same process on bulk Pt. The chronoamperometric experiments for methanol and ethanol oxidation on
i/Pt increased by almost 934% and 440%, respectively, compared with Pt bulk.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are widely recognized as very attractive devices to
btain electric energy directly from of a chemical product. How-
ver, the final choice of the fuel is still difficult and depends on
he field of the application. The use of direct organic fuels has
een often considered despite their low electrochemical reactiv-
ty compared to hydrogen fuel cells [1]. Different authors have
tudied the electrochemical oxidation of primary alcohols [2–6].
ne of the main advantages of methanol is its availability, low
rice, and its easy storage as a liquid. Ethanol appears also to be
good alternative due to its low toxicity and its ready availability

from biomass) [7,8].
Investigations have revealed that the electrochemical oxida-

ion of primary alcohols have different reaction pathways [1,2],
hich could lead to aldehyde or to carboxilic acid formation and

∗ Corresponding author. Tel.: +55 16 3351 8214; fax: +55 16 3351 8214.
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not to CO2 as the final product. It is also important to stress the
presence of CO as an intermediate, which is strongly bounded
to the electrode surface. Alkanes [9] and alkenes [10] have also
been detected.

In the literature Pt–M-based binary catalysts are used where
M = Ru, Rh, Ir, Sn, Mo, W, Os or Ni to enhance the catalytic
activity by eliminating or inhibiting the CO poisoning effect on
the basis of a bifunctional mechanism, an electronic effect or
an ensemble effect [11–17]. Considerable effort continues to be
focused on the development of new ternary or quartenary alloy
catalysts [18–22].

Although Pt is poisoned by CO molecules adsorbed during
the alcohol oxidation, the use of metallic Pt as electrocatalyst for
the oxidation of small organic molecules has been widely inves-
tigated [2,23–26]. The catalytic dissociation of these molecules
at electrode surface is a topic of longstanding interest in electro-
chemistry [27].

Pt has many applications in different areas despite its high
price. Therefore, it is interesting to consider electrodes on cheap
substrates with electrochemical and chemical properties of the
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bulk material. For this reason, platinum deposited onto titanium
could be a good solution to decrease the cost of platinum-based
metal electrodes.

The method utilized to prepare the thin Pt electrodes in this
work is the polymeric precursor method (PPM) [28,29] (also
called Pechini method). In the PPM, metallic salts are dissolved
in a mixture of ethylene glycol and citric acid generating a
polyester network containing the metallic ions homogeneously
distributed. The polymeric solution is applied onto the support
and the metallic thin film is obtained by the calcination at an
adequate temperature.

To check the behavior of the electrodes prepared by
PPM method, the methanol and ethanol oxidation was stud-
ied. These electrodes were characterized by X-ray diffraction
(XRD), cyclic voltammetry (CV) and atomic force microscopy
(AFM). The electrocatalytic activity for alcohols oxidation
was studied using CV, and chronoamperometric method,
CA.

2. Experimental

2.1. Electrodes preparation

The electrodes were prepared using a 10 mm × 5 mm ×
0.5 mm titanium plate as substrate (TiBrasil 99.7%). The sub-
strates were treated by sandblasting followed by a chemical
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The AFM images and roughness mean square data were
obtained using a SPM LAB TOPOMETRIX Probe Micro-
scope. To determine the electrode thickness it was used a
cross-sectional micrograph measured in a scanning electron
microscopy Zeiss model 940 A.

3. Results and discussion

The X-ray diffraction analysis for Ti/Pt films prepared from
the precursor solution 1:12:96 (Pt:CA:EG) molar ratio and heat
treated at 600 ◦C and also for a Pt polycrystalline electrode
are presented in Fig. 1(a) and (b), respectively. The Ti/Pt film
was very thin as shown in Fig. 1(a), since the titanium diffrac-
tion peaks are observed (JCPDS File #44-1294). The electrode
thickness was measured using a cross-sectional SEM micro-
graph and was 6.7 �m. The platinum pattern peaks observed for
Ti/Pt electrodes are 2θ = 46.243◦ (2 0 0), 2θ = 81.286◦ (3 1 1) and
2θ = 122.807◦ (4 2 0) according to JCPDS (PDF #04-0802). Not
all pattern peaks for the polycrystalline Pt are observed in the
Ti/Pt thin film. In addition, the pattern peak at 2θ = 122.807◦
(4 2 0) has a higher intensity compared with polycrystalline Pt.
Finally, it was observed that the peaks related to the planes
(2 0 0), and (4 2 0) are displaced by −0.37◦ and −0.31◦, respec-
tively. This means that the Pt film lattice is stressed. The (1 1 1)
phase peak pattern (2θ = 39.743) cannot be observed in Fig. 1(a),
s
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reatment in hot aqueous oxalic acid 10% (w/w) for 30 min.
fter the chemical treatment, the substrates were washed with
illie-Q water and dried at 130 ◦C.
The precursor solution was prepared dissolving citric acid

Synth) in ethylene glycol (Merck) at 60 ◦C. In this solution,
2PtCl6·7H2O (Aldrich) was added at 1:12:96 molar ratios

Pt:CA:EG).
The precursor solution was painted with a brush onto the

upport (Ti) and the material was initially treated at 130 ◦C
or 30 min to eliminate water and later at 600 ◦C for 10 min
o eliminate the organic materials producing the metallic film.
his procedure was repeated three times and at the end the elec-

rode mass is 0.3 mg. At the third time, a cooling rate of 5 ◦C
in−1 was performed. All materials were obtained in static air

tmosphere.

.2. Electrodes characterization

The electrochemical characterization was accomplished
sing a potentiostat/galvanostat EG&G PARC model 263 A. All
he electrochemical experiments were carried out at 25 ◦C. The
oltammetric curves were measured in a 0.1 M HClO4 solu-
ion in the potential range between 0.05 and 1.55 V (versus a
eversible hydrogen electrode RHE). The methanol and ethanol
xidation was investigated in a 0.1 M HClO4 solution containing
.5 M methanol or 0.5 M ethanol by means of CV and CA. A Pt
late was used as auxiliary electrode. Prior to the experiments,
he solutions were desaerated with N2 for 30 min.

The X-ray diffraction (XRD) patterns were obtained using a
IEMENS diffractometer model D-5000 with Cu K� radiation
nd λ = 1.5406 Å.
ince it appears in the same 2θ region of titanium (2θ = 40.170).
The tri-dimensional AFM images (25 �m × 25 �m) of Ti and

i/Pt electrodes are presented in Fig. 2(a) and (b), respectively.
t can be seen that both electrodes are rough. Data of roughness
ean square RMS are presented in Table 1. In this table, the
MS data confirm that the Pt electrode has almost the same

oughness of the Ti electrodes.
The electrochemical characterization of the Pt electrode

ormed at Ti (solid line) and a polycrystalline Pt electrode (dotted
ine) are presented in Fig. 3 in 0.1 M HClO4 solutions. In order
o obtain a reproducible surface, prior to the experiments, all the
lectrodes were cycled between 0.05 and 1.55 V at 1 V s−1 to

ig. 1. X-ray diffraction analysis of (a) the platinum thin film (three painted lay-
rs) onto Ti substrate (precursor solution 1:12:96 (Pt/CA/EG) thermally treated
t 600 ◦C) and (b) bulk Pt sample.
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Fig. 2. The tri-dimensional AFM images: (a) Ti sandblasting and (b) Ti/Pt:
three painted layers, precursor solution 1:12:96 (Pt:CA:EG) thermally treated
at 600 ◦C.

Table 1
Roughness mean square (RMS) data for Ti and Ti/Pt

Roughness, Ti (nm) Roughness, Ti/Pt (nm)

555.5 ± 0.06 425.02 ± 0.25
601.2 ± 0.01 643.02 ± 0.12
622.04 ± 0.04 646.70 ± 0.13

Mean: 592.91 ± 0.03 Mean: 571.58 ± 0.16

Fig. 3. Voltammetric profile for Pt electrodes in 0.1 M HClO4 solution
(solid line) three painted layers onto Ti substrate. Precursor solution 1:12:96
(Pt/CA/EG) thermally treated at 600 ◦C and (dotted line) polycrystalline Pt;
sweep rate = 50 mV s−1.

clean the platinum surface. A typical behavior for Pt electrodes
in perchloric acid medium was observed [30,31]. The processes
can be associated with: (i) hydrogen adsorption and desorption
between 0.05 and 0.4 V, (ii) double layer region between 0.4
and 0.8 V, and (iii) formation and reduction of PtO, between
0.8 and 1.55 V and 1.55 and 0.4 V, respectively. The surface
areas of the electrodes were calculated using the procedure well
established in the literature [32], which considers a charge den-
sity of 210 �C cm−2 as being equivalent to the desorption of
one hydrogen monolayer on Pt. Using this procedure the elec-
trode electroactive surface area is 6.2 cm2. Differences were not
observed between the electrochemical profile for Pt electrode
formed on Ti and the polycrystalline Pt electrode. From the X-
ray diffraction we observed the Pt pattern peaks for the Ti/Pt
sample, even though the plane for (4 2 0) peaks have enhanced
intensity and the other peaks are displaced compared to bulk
Pt as described before. From the voltammetric data the elec-
trochemical Pt profile was observed for both substrates in acid
media. As will be described below, the changes observed in the
X-ray pattern lead to important electrocatalytical changes for
methanol and ethanol oxidation.

In Fig. 4(a) and (b), the voltammetric profiles for methanol
and ethanol oxidation on Pt (dotted line) and Ti/Pt (solid line) are
presented, respectively. All the measurements were performed
in acidic media (0.1 M HClO4). In the presence of methanol
the Pt substrate shows the well-known oxidation profile [4,33]
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haracterized by two oxidation peaks at 0.85 and 1.25 V dur-
ng the positive sweep. The first process is attributed to the
xidative removal of adsorbed/dehydrogenated methanol frag-
ents (COads for example) by oxygen-containing species PtOH

34,35]. During this process, which occurs at 0.85 V, CO, CO2,
COOH, HCOH and HCOOCH3 are formed and CO molecules

an be re-adsorbed, poisoning the surface [4,36]. For the second
nodic process (current peak at 1.25 V) it is known that, for pri-
ary alcohols, the main species produced are HCOH, CO2, and
COOH [36,37]. During the negative potential sweep, the Pt
xide is reduced. This last process reactivates the surface and
n oxidation reaction occurs as indicated by the presence of an
ntense anodic peak for methanol oxidation at 0.69 V.

A good electrocatalyst must fulfill at least two requirements:
i) high current peak density for the process investigated and (ii)
ow energy (E/V) to supply the current peak density. Over the
i/Pt electrodes, an increase of 170% in the current peak den-
ity for methanol oxidation was observed, as seen in Fig. 4(a)
solid line). It is important to point out that this increase is
ot related to an increase of active surface area since the cur-
ent for both substrates was divided by the active areas. During
ethanol oxidation on Ti/Pt there is also a shoulder at 0.7 V

which does not appear on Pt [3]). Fig. 4(a) (solid line) also
hows that there is a displacement of the current density peak
otential towards more positive values for methanol oxidation in
i/Pt compared with bulk Pt (0.1 V). During the reverse sweep
displacement in the current density peak was observed for the

eactivation process of 0.02 V. In addition, it is important to stress
hat these results do not necessarily imply that the methanol
xidation reaction mechanism is the same for Pt and Ti/Pt
lectrodes.
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Fig. 4. Cyclic voltammograms and cronoamperometric measurements for alco-
hols oxidation in 0.1 M HClO4 at Ti/Pt (solid line) and at polycrystalline Pt
electrode (dotted line). Sweep rate = 20 mV s−1. Insert are the curves (a) 0.5 M
H3COH, Eox = 0.6 V and t = 15 min and (b) 0.5 M H3CCH2OH, Eox = 0.5 V and
t = 15 min.

In Fig. 4(b), the voltammetric profiles for ethanol oxidation
on Pt (dotted line) and Ti/Pt (solid line) are presented. Ethanol
oxidation on Pt is characterized by the presence of two peaks at
0.83 and 1.23 V [38]. The first peak in the cyclic voltammogram
appears at a potential where surface-bonded OH is formed on
Pt (and begins to form rapidly with a steep rise in current that
follows the hydrogen peaks during the positive sweep results).
The formation of the OH species has an important role in ethanol
oxidation. A two-path mechanism can occur, with the formation
of COads strongly bonded to the Pt substrate and also bulk oxida-
tion [38]. The peaks in the oxide region of the CVs for Pt in acid
solution are caused by the production of CO2 and carboxylic acid
[38]. The main products of ethanol oxidation are adsorbed CO,
adsorbed CH3CO, CH3CHO, CH3COOH and CO2, which were
detected by in situ reflectance spectroscopy and chromatography
techniques [26]. Similar species have already been described in
previous papers [39,40].

In an analysis of the oxidation of ethanol on the Ti/Pt, Fig. 4(b)
(solid line), it was observed that the first peak was displaced to

more positive values by 0.04 V and the second one by 0.06 V
compared with Pt (dotted line). The reason for this behavior
is not yet clear and new experiments will be done in a further
work. The oxidation current density peak is smaller for Ti/Pt
compared to bulk Pt. However, the ethanol oxidation process
on Ti/Pt starts at 0.11 V less positive than on Pt with a wave at
0.7 V more pronounced than for methanol oxidation. This wave
for ethanol oxidation, as such as for methanol oxidation process,
does not appear on Pt [41,42] and probably it can be associated
with a change in the oxidation reaction mechanism.

It is known from the literature that the Pt crystallographic
orientation can change both the reaction mechanism and the
potential or current density for methanol [3,43] and ethanol [44]
oxidation processes. Also, lattice stresses lead to a change in the
energy surface [45]. Considering the results presented here, we
suggest that for methanol and ethanol oxidation the changes in
the current peak density, the peak potentials and potentials where
the processes start using Ti/Pt could be explained by a change
of the crystallographic orientation and lattice stresses observed
for this substrate compared to the polycrystalline platinum. A
deep understanding of the mechanism of the observed effect is
beyond the purpose of this paper.

The comparison of the Pt (dotted line) and Ti/Pt (solid line)
electrodes under constant-potential polarization for methanol
and ethanol oxidation are presented in inserts in Fig. 4(a) and
4(b), respectively. As shown, even for the polarization times of
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5 min, the current density (at 0.6 V) is almost 940% higher
or Ti/Pt than pure Pt electrodes for 0.5 M methanol in 0.1 M
ClO4. For 0.5 M ethanol in 0.1 M HClO4 the current den-

ity (at 0.5 V) was 440% higher for Ti/Pt than pure Pt elec-
rodes. This fact indicates that the Ti/Pt structure decreases the
oisoning effects of the strongly adsorbed species (e.g., CO)
enerated during methanol and ethanol oxidation. Further exper-
ments will be necessary to describe the mechanism of these
ffects.

. Conclusions

In this paper, a polycrystalline platinum electrode thin film
eposited on Ti was prepared by the polymeric precursor method
nd the properties characterized. The electrocatalytical behavior
f methanol and ethanol was measured on a Ti/Pt substrate and
ompared with polycrystalline platinum electrodes. The X-ray
iffraction analysis of the Ti/Pt substrate showed characteristic
latinum pattern peaks and the electrochemical characteriza-
ion was totally confirmed as a typical polycrystalline platinum
oltammogram in the acidic medium 0.1 M HClO4. The AFM
mages and roughness data showed that the morphology and
oughness of Ti and Ti/Pt were almost the same. The current
eak density of methanol on Ti/Pt showed an increase of 170%.
dditionaly, a voltametric wave related to methanol oxidation

t 0.7 V was observed. Although, for ethanol oxidation the cur-
ent density peak is smaller for the Ti/Pt, the beginning of the
thanol oxidation on Ti/Pt was shifted to less positive potentials
0.11 V) than on Pt. The chronoamperometric measurements for
ethanol and ethanol oxidation on Ti/Pt presented increased by

lmost 940 and 440%, respectively, for the oxidation current of
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alcohols over Pt. We suggest that the results could be explained
by a change in the crystallographic orientation of Pt over Ti
and the lattice stresses measured using X-ray diffraction. Fur-
ther experiments are necessary to explain the mechanism of the
phenomena.
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