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a b s t r a c t

Novel photoelectrocatalysts composed of PtRuTiO2/C are prepared by the polymeric precursor method
and are characterized by scanning electron microscopy, energy dispersive spectroscopy, transmission
electron microscopy and cyclic voltammetry. The onset potential for methanol oxidation is similar (0.3 V
vs. RHE) for all of the photoelectrocatalyst layers investigated, although the peak current density is depen-
dent on the layer composition. Irradiation of UV light on the photoelectrocatalyst surfaces enhances
eywords:
hotoelectrocatalysts
ethanol oxidation

itanium dioxide
anostructures

the chronoamperometric responses up to 18%, which clearly demonstrates a synergistic effect between
the photo- and electrocatalysts. The comparison between all the layers prepared indicates that there
is an appropriate ratio of metallic nanoparticles and TiO2 to obtain the best performance of these pho-
toelectroactive layers. These results demonstrate that methanol oxidation is achieved by electro- and
photocatalysis using a simple and affordable method. This procedure can be conveniently exploited to

direct
lectrocatalysis
hotocatalysis

enhance the response of

. Introduction

Energy is one of the important issues of the 21st century [1,2].
dvances in science and technology have focused on finding new
lternatives and approaches to improve energy generation, such as
he conversion of sunlight into electricity [3–5] or into high-energy
roducts by processes that mimic photosynthesis [6,7]. Fuel cells
ave also been exploited for this purpose.

Fuel cells have been known since the middle of the 19th cen-
ury and have gained great attention during the 1960s because
f developments in space technology [8]. Different architectures
nd fuels have been developed for these devices. Among several
ptions, methanol is a safer and cheaper alternative than the use of
ydrogen.

The development of direct methanol fuel cells has the disad-
antages of the formation of methanol byproducts and inefficient
atalysis. The most efficient electrocatalyst so far is a mixture
f platinum and ruthenium, which decomposes methanol and
ts byproducts by a bifunctional mechanism [9]. Layers of these

etals have already been prepared by several methods [10–16].
ethanol can also be photocatalytically oxidized by wide band

ap semiconductors. In this case, light excites the semicon-

uctor, which promotes an electron from the valence to the
onducting band, and the vacancy created oxidizes the methanol
17].

∗ Corresponding author. Tel.: +55 11 4996 0150; fax: +55 11 4996 0090.
E-mail address: andre.polo@ufabc.edu.br (A.S. Polo).
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methanol fuel cell electrodes.
© 2010 Elsevier B.V. All rights reserved.

Electrocatalytical and photocatalytical processes for methanol
oxidation can be coupled and the currents produced from both
phenomena can be combined. This approach was reported using
catalysts supported on carbon fiber [18]. Another approach to join
photo- and electrocatalytical processes is the co-sputtering of TiO2
and platinum particles [19]. In both cases, a better performance was
observed under light irradiation.

In this work, new photoelectrocatalyst layers were prepared
by the polymeric precursor method. These layers were character-
ized by electron microscopy and cyclic voltammetry in an acidic
medium and their performance for methanol oxidation under UV
light were investigated. By adding the methanol photocatalyst,
the new materials have the advantage of using lower amounts
of electrocatalysts, which can reduce the cost of these materials.
Accordingly, these materials offer a more simple and affordable
approach for methanol oxidation.

2. Experimental

2.1. TiO2 preparation

Nanocrystalline TiO2 was prepared as described in the literature
[4,20]. Generally, 13 mL of titanium isopropoxide (Strem or Fluka,
USA) was slowly added to an acid solution and vigorously stirred
(0.5 mL of HNO3 (Synth, Brazil) in 100 mL of H2O) to produce acid

hydrolysis of the TiO2 precursor. The suspension was kept under
this condition for 8 h at 50 ◦C and the resulting solution was then
placed in a pressure vessel for 8 h at 200 ◦C for hydrothermal growth
of the nanoparticles. This procedure resulted in TiO2 particles with
a size of ∼20 nm.

dx.doi.org/10.1016/j.jpowsour.2010.06.076
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:andre.polo@ufabc.edu.br
dx.doi.org/10.1016/j.jpowsour.2010.06.076
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Table 1
Composition of the prepared photoelectrocatalyst layers.

Layer %TiO2 %Pt %Ru

A 10 10 0
B 10 5 2.6
C 20 5 2.6
D 0 5 2.6
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E 30 5 2.6
F 20 10 5.2
G 10 2.5 1.3

.2. Preparation of photoelectroactive layers

The photoelectroactive layers were prepared using a modified
olymeric precursor method [21]. Briefly, polymeric precursors
ere prepared by mixing metallic salts (H2PtCl6 (Fluka, USA) and/or
uCl3·3H2O (Riedel, Germany)), citric acid (Aldrich, China) and
thylene glycol, EG (Synth, Brazil), at 60 ◦C (1:50:300), and the
esulting solution was added to an appropriate amount of carbon
lack (Vulcan XC-72R – Cabot, Brazil). The molar ratio of Pt and
u was kept at 1, except for a sample in which only platinum was
sed. For the preparation of the photoelectrocatalysts, TiO2 was
lso added to the mixture. The suspensions were homogenized for
h in an ultrasonic bath and were thermally treated at 400 ◦C for
h under N2 atmosphere. The resulting powder was suspended

n a mixture of water and Nafion®, homogenized for 15 min in an
ltrasonic bath and 10 �L of the suspension was then deposited
nto a glassy carbon electrode to dry. Different amounts of TiO2
ere added to the mixtures to prepare layers with distinct TiO2:Pt
anoparticles layer ratios. The expected compositions of each layer
re listed in Table 1.

.3. Electron microscopy

Scanning electron microscopy experiments were carried out on
FEG-SEM (JSM 6330F) or a LV-SEM (JSM 5900LV) microscope

JEOL, Japan). The LV-SEM microscope was equipped with an energy
ispersive X-ray detector, which was employed to perform energy
ispersive spectroscopy (EDS) experiments. High-resolution trans-
ission electron microscopy experiments were carried out with a
R-TEM (JEM 3010 URP) (JEOL, Japan).

.4. Electrochemical experiments

Electrochemical measurements were performed with a PGSTAT
02N potentiostat/galvanostat (Autolab, The Netherlands). A glassy
arbon working electrode was used as a support for the photo-
lectroactive layers. Platinum and reversible hydrogen electrodes

RHE) were used as auxiliary and reference electrodes, respectively.

illi-Q ultrapurewater was employed in all experiments. The cyclic
oltammetric and chronoamperometric measurements were per-
ormed in HClO4 (Carlo Erba, Italy – 0.1 mol L−1) in the absence or
n the presence of 0.5 or 2.0 mol L−1 of methanol (Synth, Brazil).

Fig. 1. Electron microscopy experiments for characterization of layer B. SEM image (a) a
ources 196 (2011) 872–876 873

The electrochemical experiments were always carried out under
N2 atmosphere.

2.5. Light source

The UV light was provided by a homemade apparatus com-
posed of a high-pressure Hg light bulb from a commercial arc lamp
(Philips, Brazil – HPLN 125 W). The exposure onto the electrode
surface was manually controlled by a shutter. The surface of the
electrodes was irradiated at intervals of 60 s followed by another
60 s in the dark while chronoamperometric experiments were per-
formed. The cycles were repeated up to 600 s.

3. Results and discussion

3.1. Characterization of photoelectrocatalyst layers

The surface morphology of the prepared photoelectrocata-
lyst layers was characterized by scanning electron microscopy
(SEM). The presence of platinum, ruthenium and titanium dioxide
was confirmed by energy dispersive spectroscopy (EDS) experi-
ments and information on the nanoparticles sizes were obtained
by high-resolution transmission electron microscopy (HR-TEM).
These images are shown in Fig. 1.

The photoelectrocatalyst layers have high surface areas that
enhance the performance of the methanol oxidation process. SEM
images, as seen in Fig. 1a, confirmed the expected porous and struc-
tured surface of the layers. EDS experiments were carried out on
all the layers investigated and the spectra obtained were similar to
those in Fig. 1b. The EDS exhibited peaks at 2.08, 2.57 and 4.52 keV
and were assigned to platinum, ruthenium and titanium, respec-
tively. The signals of carbon and oxygen were also observed at 0.263
and 0.504 keV. This technique confirmed the presence of both elec-
trocatalysts (Pt and/or Ru) and photocatalyst in the composition of
the layers.

To evaluate the size of the nanoparticles, HR-TEM was per-
formed because the expected size of the metallic nanoparticles
ranged from 3 to 10 nm. The results, shown in Fig. 1c, are in agree-
ment with those reported for similar materials (∼6–10 nm) [21,22].
Due to the conditions of the experiment, the TiO2 nanoparticles did
not have enough contrast and were therefore not visible, as shown
in Fig. 1c. These particles have a diameter of ∼20 nm. The presence
of TiO2 on the layers was confirmed by EDS experiments.

The layers were also evaluated by their electrochemical
response in acidic medium, as seen in Fig. 2. In Fig. 2 inset, a
voltammetric profile for photoelectrocatalyst layers A and B are
shown with fair resolution of the platinum features. These features

include hydrogen UPD adsorption/desorption as well as formation
and reduction of PtO, as discussed in the literature for Pt/C dispersed
catalysts [23,24]. Layer B presents typically higher capacitive cur-
rents in comparison to layer A, due to the charging processes of
RuO2 [22,25,26].

nd EDS analysis (b) of the layer B and HR-TEM image (c) of the powder prepared.
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Table 2
Electrochemical parameters of methanol oxidation determined for each photoelec-
trocatalyst layer prepared.

Layer Onset potential, V EpOx, V

Fwd Rev

A 0.32 0.95 0.93
B 0.32 0.88 0.81
C 0.38 0.73 0.72
D – – –

COads + OHads → CO2 + H+ + e− (2)
ig. 2. Cyclic voltammograms for the photoelectroactive layers prepared in acidic
edium (v = 10 mV s−1; [HClO4] = 0.1 mol L−1). Inset: cyclic voltammograms for the

hotoelectroactive layers A (–––) and B (– – –), under the same conditions.

By comparing the layers that have the same amount of electro-
atalyst and different percentages of TiO2 (e.g., layers C–E), it can
e concluded that layers with more TiO2 have lower capacitive cur-
ent. For these layers, the voltammetric profiles were not as sharp
nd defined as it was for a clean Pt electrode (or for TiO2 having
latinum catalyst on its surface) in sulfuric acid [27].

.2. Methanol oxidation

Most of the photoelectroactive layers, which were prepared in
he presence of 0.5 mol L−1 of methanol, exhibited cyclic voltam-

ograms similar to the electrocatalyst layers already described for
ethanol oxidation [23,25], as seen in Fig. 3.
The onset potential for methanol oxidation was observed in the

ange of 0.3–0.4 V, which is in accordance with the Pt/C electro-
atalysts used for the same process [23]. The photoelectrocatalyst
ayers also exhibited an oxidation peak (EpOx) on the forward scan
nd another oxidation peak on the reverse scan. The onset potential
nd both EpOx are listed in Table 2 for all the layers investigated.

The oxidation peaks of the forward scan were close to the values
reviously reported [23,25] and were attributed to the oxidation
f methanol byproducts, which were strongly adsorbed onto the

atalyst surface [28]. The peak observed during the reverse scan
as probably due to the reactivation of the Pt nanoparticles surface,

ollowed by the oxidation of methanol or its residues.
An interesting observation was that layer D, which did not have

iO2 in its composition, did not present an oxidation peak. How-

ig. 3. Cyclic voltammograms of the prepared photoelectroactive layers. Inset:
yclic voltammograms of photoelectroactive layers A (–––) and B (– – –).
v = 10 mV s−1; [MeOH] = 0.5 mol L−1; [HClO4] = 0.1 mol L−1).
E – – –
F 0.38 0.73 0.72
G – – –

ever, layer E, which had the highest TiO2 content among the layers
with 5% of platinum, also did not exhibit an oxidation peak. These
observations suggest that an optimal ratio exists between photo-
and electrocatalyst, in which their cooperative effect would result
in the best performance. The behavior observed for layer G, which
also had a high content of TiO2 relative to the content of electro-
catalysts, corroborates this hypothesis.

Chronoamperometric experiments were carried out at 0.5 V
because there is no practical importance above this potential. An
abrupt current decrease was observed for the photoelectrocatalyst
layers as the UV light was blocked, and there was an abrupt growth
as the shutter was opened. Layer B exhibited current density higher
than layer A throughout the experiment. The comparison between
layers A and B, shown in Fig. 4 inset, indicates an improved perfor-
mance for the layer that had ruthenium nanoparticles present in
its composition.

The higher efficiency of layer B in comparison to layer A is due to
the bifunctional mechanism [11], which consists of the adsorption
of the fuel onto catalyst sites and, after several successive electron
transfer steps, results in the adsorbed intermediate COads (Eq. (1)
[28]).

CH3OH(aq) → COads + 4H+ + 4e− (1)

The COads reacts with the OH adsorbed, OHads, to yield CO2, Eq.
(2). This is the determining step of the overall reaction rate, under
steady state conditions.
To enhance the effect, it was found that the final step
occurred by reaction of COads at Pt and OHads at ruthenium

Fig. 4. Chronoamperometry for oxidation of methanol under UV light of prepared
photoelectroactive layers. (E = 0.5 V (vs. RHE). Inset: chronoamperometry for layers
A (–––) and B (– – –); [MeOH] = 2.0 mol L−1; [HClO4] = 0.1 mol L−1).
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Table 3
Current of the photoelectrocatalyst layers under UV irradiation and percentage
increase in current.

Layer i, mA Increase

C 23.9 13%
D 0.31a –
E 0.32 3%
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F 21.4 18%
G 0.3 –

a Values determined in the dark since there is no photocatalyst.

urfaces [28], Eq. (3).

t(COads) + Ru(OHads) → CO2 + H+ + e− (3)

The mechanisms presented explain the behavior of the layers.
he area of the cyclic voltammogram of layer B was wider than
ayer A, which indicated a higher amount of charge was involved
n the oxidation process. Layer A had only platinum as the electro-
atalyst, which could be easily poisoned by the intermediates of
he oxidation process and consequently could reduce the electrode
erformance. The presence of ruthenium in the layer improved
he anodic currents, depoisoning the electrode by the oxidation of
yproducts through the bifunctional mechanism, as described by
qs. (1)–(3).

The existence of the bifunctional mechanism facilitated the
ompletion of methanol oxidation and reduced the potential of
he process. Because the presence of ruthenium nanoparticles
mproved the performance, all the others layers were prepared

ith a mixture of platinum and ruthenium nanoparticles with a
:1 molar ratio.

In addition to electro-oxidation, the methanol photo-oxidation
lso contributed to a better performance of the electrodes under
V irradiation. Irradiation of UV light onto photoelectrocatalysts

urfaces improved the performance of the electrodes in compari-
on to their dark current. The percentage increase of the current of
hese photoelectrocatalyst layers was determined by subtracting
he value of the current under light irradiation at 540 s (i540 s) by
he current in the dark at 550 s (i550 s). The result was then divided
y i550 s and multiplied by 100% as demonstrated in Eq. (4). The
ercentage increases determined by this way are listed in Table 3.

ncrease % = i540 s − i550 s

i550 s
× 100% (4)

The incidence of UV light on the photoelectroactive layers pro-
oted methanol photo-oxidation. Irradiation of TiO2 by UV light

romoted the electron from the valence band to the conducting
and. Consequently, an electron–hole pair was created (Eq. (5)) and
he methanol was oxidized by TiO2(h+) [29,30].

TiO2 + h�(UV) → TiO2(h+) + TiO2(e−) (5)

The irradiation of TiO2 could have enhanced the performance of
he layers in two different ways. The hole, h+, created after the light
rradiation of the compound could be capable of oxidizing methanol

olecules. In addition to this effect, the electron on the conduct-
ng band improved the conductivity of the layer and enhanced the
erformance of the bimetallic catalysts on the electro-oxidation
f the methanol [30]. The synergy between photo- and electro-
atalysis of methanol improved up to 18% of the current of the
hotoelectroactive layers exposed to the light. These results are

isted in Table 3.
One possible explanation for the cooperation between the
lectro- and photocatalysis processes is related to the mechanisms
nvolved. In the dark, the current observed was due to the methanol
lectro-oxidation promoted by platinum and/or ruthenium catalyst
ites. Upon UV irradiation, the photo-oxidation mechanism con-
ributed to the overall current. The hole created in the valence band
Fig. 5. Composition and anodic current determined under irradiation and 0.5 V for
layer C–G.

was capable of accepting an electron from the methanol and oxi-
dized it. The photo-oxidation of methanol was already known [18]
and the improvement of the anodic current was ascribed to the
electronic population of the conducting band. Because methanol
was oxidized by reducing the valence band, the photocatalyst was
not degraded.

The relationship of the photoelectrocatalyst layers composition
and their performances in methanol oxidation were evaluated by
their anodic current at 0.5 V and under UV irradiation. These data
are depicted in Fig. 5.

Higher anodic currents were observed for layers C and F, which
had 20% TiO2. This amount of photocatalyst seemed to be the best
for photoelectroactive layers. Even more interesting was that layer
C performed better than layer G, even thought it had less ruthenium
and platinum. This fact can lead to the preparation of photoan-
odes for direct methanol fuel cells at lower costs because less noble
metals are necessary for their construction.

Further investigations on changing the amount of electrocata-
lyst to improve the performance of the layer are worth pursuing.

4. Conclusion

In this work, the polymeric precursor method was employed to
prepare new photoelectrocatalyst layers for methanol oxidation,
which were characterized by SEM, EDS and TEM as well as by their
cyclic voltammograms in acidic medium. The cyclic voltammetry
in the presence of methanol indicated the capacity of the layers
to oxidize the alcohol. Chronoamperometric experiments, which
were carried out at 0.5 V under UV light, showed an improved
performance of the anodic current of up to 18% in comparison to
the performance in the dark. This improvement was ascribed to
methanol photo-oxidation. A synergistic effect between the photo-
and electrocatalysts was also demonstrated. The photoelectrocat-
alyst with a composition of 20% TiO2, 5% Pt and 5% Ru showed the
best performance and an increase in noble metals did not improve
efficiency. Thus, minimizing the amount of nobel metals can be
a way to reduce the costs of these layers. The synergy between
the photo and electrocatalysts can be conveniently employed to
enhance the performance of direct methanol fuel cells.
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