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Platinum dispersed in a polyaniline ®lm is a better catalyst than smooth Pt for ethylene glycol
electrooxidation in perchloric acid aqueous solutions. The catalytic activity of the platinum micro-
particles is further enhanced when Ru, Sn or both are codeposited. The PAni/Pt±Sn assembly shows
the highest electrocatalytic activity of the electrodes examined. Underpotential deposition of Tl and
Bi on dispersed Pt inhibits EG electrooxidation while Pb causes signi®cant catalysis only with a
speci®c preparation method electrocatalyst. The morphology and the identity of the metallic dis-
persion is examined by transmission electron microscopy.
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1. Introduction

The possibility of using ethylene glycol (EG) as a
liquid fuel directly oxidized on platinum in a fuel cell
makes the study of its electrooxidation important. It
is well known that using such a fuel the performance
of the anode material, which is usually Pt, falls over a
short length of time due to the formation of con-
taminating intermediates which adsorb onto the cat-
alyst surface blocking further action. A method of
preventing platinum poisoning and enhancing its
catalytic activity is modi®cation by adatoms depos-
ited at underpotential [1±3] and the use of platinum-
based multimetallic systems [4±8]. Even more e�cient
electrocatalysts can be obtained by dispersing Pt or
Pt-metal codeposits in conducting polymer supports.
Such modi®ed electrodes have been successfully used
for the oxidation of small organic molecules [9±24],
i.e. methanol, formic acid, formaldehyde or even the
reduction of oxygen, and the generation and oxida-
tion of hydrogen. The conducting polymers which are
mostly used in these studies are poly(4-vinylpyridine)
cross linked or linear, polyvinylacetic acid, polyani-
line, polypyrrole, polythiophene and derivatives.

The electrooxidation of EG on platinum has been
much researched, but its mechanism is still not
completely understood. According to the literature
[25, 26], a number of intermediate steps take place
and lead to the formation of several products; gly-
colaldehyde, glyoxal, glycolic acid, glyoxylic acid and
oxalic acid. Some paths, however, involve rupture of
the CÐC bond thus producing C1 molecules like
formaldehyde and formic acid [3]. Further oxidation
of all the intermediates produces CO2.

In this work, we report the electrooxidation of EG
on pure and modi®ed platinum electrodes incorpo-

rated in the form of microparticles in a polyaniline
matrix in aqueous acidic solutions. Polyaniline
(PAni) was chosen as the host polymer because of its
stability as well as its porosity and relatively high
electrical conductivity. For the modi®cation of plat-
inum two methods were adopted. Underpotential
deposition of heavy metals (Pb, Tl and Bi) and
codeposition of Pt with one or two secondary metals
(Ru, Sn, Ru and Sn, Pb). Transmission electron mi-
croscopy was employed to provide information about
the morphology and the identity of the deposited
electrocatalyst particles.

2. Experimental details

A glassy carbon disc, a glassy carbon rotating disc
(EDI 101T from Tacussel) and a platinum bead were
the working electrodes employed. Before each ex-
periment, the disc electrodes were mechanically pol-
ished using emery paper and electrochemically
activated using preelectrolysis. The platinum bead
was ®rst pretreated by ¯ame and then electrochemi-
cally activated. The modi®cation of the disc electrodes
was performed in two steps: (a) electropolymerisation
of aniline by potential cycling (v � 50mV s)1) be-
tween 0 and 0.98V vs SHE in a 0.5M H2SO4 + 0.1M

aniline aqueous solution [27], (b) electrodeposition of
the metallic particles potentiostatically at 0.1V vs
SHE.

The thickness of the polymer ®lm was estimated
from the ®rst anodic peak height of the cyclic volta-
mmogram of polyaniline in base electrolyte solution
(aqueous H2SO4 0.5M) [28]. The polymer ®lm used
was 0.5 lm thick unless otherwise stated.

For platinum deposition the solution employed
was 0.5M H2SO4 + 2 ´ 10)4

M K2PtCl6. For the

JOURNAL OF APPLIED ELECTROCHEMISTRY 28 (1998) 1101±1106

0021-891X Ó 1998 Chapman & Hall 1101



codepositions the solutions also contained 1 ´ 10)4
M

RuCl3 + 2 ´ 10)4
M HCl for the case of Pt±Ru,

1.5 ´ 10)4
M NH4 [SnCl3] + 3 ´ 10)4

M HCl for Pt±
Sn, 1 ´ 10)4

M RuCl3 + 1.5 ´ 10)4
M NH4[SnCl3] +

5 ´ 10-4 M HCl for Pt±Ru±Sn and 1 ´ 10)4
M

H[PbCl3] + 0.2M NaCl for Pt±Pb. The mass of the
metal or metals incorporated was calculated from the
charge passed considering that platinum was the only
metal deposited. After each experiment polyaniline
with the incorporated metallic microparticles was
removed from the electrode surface by dissolution in
chromic + sulphuric acid. The cell used for the vol-
tammetric study of EG was double walled and ther-
mostated at 25 � 0.1 °C. A Hg/Hg2SO4/Na2SO4

(sat.) electrode, connected to the cell by a Luggin
capillary, and a Pt sheet served as the reference and
the counter electrode, respectively. The solutions
were thoroughly deoxygenated by purging the cell
system with ultrapure nitrogen. Electrode potentials
are given on the standard hydrogen electrode (SHE)
scale.

Solutions were prepared using triply distilled water
and reagents from Merck (`suprapur' for HClO4 and
H2SO4, GR for HCl, PbCO3 and for RuCl3, extra-
pure for Bi2O3), Fluka (puriss. for K2PtCl6 and ani-
line), Alfa inorganics (NH4[SnCl3]), Carlo Erba (RP
Tl2CO3) and Prolabo (zur Analyse ethylene glycol).
Before each experiment aniline was puri®ed by dis-
tillation.

The electronic set-up consisted of a homemade
potentiostat, a voltage scan generator (Wenking VSG
72), a double pulse control generator (Wenking DPC
72) and a 3023 X±Y recorder from Yokogawa. For
the transmission electron microscopy (TEM) obser-
vations Au (300 mesh) grids supplied by Agar Sci-
enti®c Ltd were used. The grids were activated by
applying a continuous sweep (v � 1V s)1) between
hydrogen evolution and just before oxygen evolution
in 0.1 M HClO4 solution until the cyclic voltammo-
grams (0.1V s)1) obtained the known shape for Au.
The TEM study was performed with a Joel 100CX
microscope operating at 120 kV.

3. Results and discussion

3.1. EG electrooxidation on smooth Pt
and Pt dispersed in polyaniline

Figure 1 shows the voltammogram of a platinum
bead in a perchloric acid aqueous solution containing
EG. The onset of its electrooxidation during the
positive sweep appears within the double layer re-
gion; at 0.5V. The main oxidation peak is relatively
wide and reaches a maximum of 0.45mA cm)2 at
0.75V for a scan rate of 5mV s)1. An oxidation peak
also appears during the reverse sweep. It commences
immediately after the onset of oxide reduction indi-
cating the typical behaviour of the electrochemical
oxidation of organic compounds on platinum, for
which the reaction requires oxide-free sites to take
place. The current density of the maximum is

0.48mA cm)2 and the descending part appears at
100mV less positive potentials than the ascending
part of the positive sweep. This hysteresis against the
oxidation at the positive sweep is attributed to the
blocking of the surface by strongly adsorbed CO [29,
30] resulting from the dissociative adsorption of EG
on the platinum surface. This species is removed by
oxidation at more positive potentials towards CO2 by
adsorbed oxygen species which thereafter forms a
protective shield, thus allowing oxidation of EG
during the negative-going sweep to take place at
lower potentials.

Unlike smooth platinum, platinum electrodepos-
ited in a polyaniline ®lm allows electrooxidation of
EG to begin at lower, by 100mV, potentials. Figure 2
shows the quasi-steady state voltammogram of PAni/
Pt (0.6mg cm)2) in the presence and absence of EG in
a perchloric acid aqueous solution. In both volta-
mmograms the positive potential limit was not
extended beyond 1.02V to avoid overoxidation and
hydrolysis of the PAni ®lm. The supporting electro-
lyte shows the typical behaviour of a polyaniline
coated electrode in a perchloric acid solution. In the
presence of EG the curve is di�erent from that ob-
served on the smoothmetal. During the positive-going
sweep oxidation commences at 0.35V. The curve ex-
hibits two peaks, one at 0.64V (3.56mAcm)2) and a
second at 0.77V (3.11mA cm)2), which is not the
second oxidation peak of PAni. The negative-going
sweep also exhibits two overlapping peaks, at 0.59V
(2.14mA cm)2) and 0.66V (2.23mA cm)2). The cur-
rent densities are calculated after subtracting the
background current and considering as electrode
surface the geometric surface area of the supporting
electrode. Hysteresis towards the oxidation of EG is

Fig. 1. Voltammogram for EG (0.1M) oxidation on a Pt bead in
0.1M HClO4. jdE=dtj � 5mVsÿ1.
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also observed here, but to a lower extent than in the
case of smooth platinum.

The shape of the voltammogram obtained on
platinum microparticles shows that ethylene glycol
molecules begin to oxidize from potentials (peak at
0.64V) where strongly adsorbed OH species are not
yet formed. The second peak, which appears at
0.77V, represents oxidation of EG species that re-
main adsorbed on platinum and of new EG molecules
which approach and interact with the surface via the
recently released sites. This oxidation is driven by the
action of chemisorbed OH and O species. The
appearance of the onset of EG electrooxidation on
PAni/Pt at lower potentials than on smooth Pt is
based on the fact that highly dispersed platinum is
less susceptible to poisoning, that is mainly strongly
adsorbed CO [26], formation [31].

Penetration and di�usion of EG through the
polymer ®lm appears to be a slow step and a�ects the
whole mechanism. Under rotating conditions the
height of the current peaks depends on the rotation
rate. For low rotation rates (5.2 < x <
104.7 rad s)1) an increase is observed. For higher x
values, however, no further increase is observed and
the electrode surface is easily poisoned as the degree
of CO adsorption increases. Figure 3 shows the de-
pendence of j)1 on x)1/2 for low rotation rates and
di�erent ®lm thicknesses. As expected, the intercept is
proportional to the ®lm thickness, showing that
transport of EG through the ®lm is a controlling
factor and that the particles of platinum are not
concentrated on the polymer±solution interface but
dispersed in a three-dimensional manner in the

polymer matrix, which is in line with earlier studies
[13]. Information concerning the identi®cation of the
phases and the actual morphology of a PAni/Pt
electrode was obtained using transmission electron
microscopy.

Figure 4(a) shows a PAni/Pt electrode. Platinum
exists in the form of very ®ne microparticles which

Fig. 2. Voltammograms obtained on a PAni/Pt (0.6mg cm)2)
electrode in 0.1M HClO4 in the absence (- - - ) and the presence
(±±) of EG 0.1M. jdE=dtj � 5mV sÿ1. The inset shows the plot of
the current density of the ®rst oxidation peak of EG vs platinum
loading.

Fig. 3. Koutecky±Levich plots ( j )1 vs x)1/2) for the oxidation of
EG (0.1M) on a PAni/Pt (0.6mg cm)2) rotating disc electrode in
0.1M HClO4 for di�erent PAni ®lm thicknesses: (a) 0.25, (b) 0.50,
(c) 0.75 and (d) 1.00lm.

Fig. 4. TEM images of a PAni/Pt (a) and a PAni/Pt±Ru (b)
electrode and the corresponding di�raction patterns (bar � 0:2�m
for both micrographs).
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aggregate in groups three-dimensionally and are al-
most homogeneously dispersed over the polymeric
matrix. Each group has a spherical-like shape and the
distribution of its component microparticles becomes
denser towards the centre of the sphere. The inset
di�raction pattern certi®es (Table 1) that the ob-
served crystalline phase consists of Pt microcrystal-
lites.

Studies [10, 32] using microparticulate electrodes
have shown that the catalytic activity of such elec-
trodes is a function, among others, of the mass elec-
trodeposited and the size of the particles, factors
which are de®nitely interdependent. Number, size
and arrangement of the particles in space depend on,
and thus can be controlled by, the conditions of metal
electrodeposition. The activity of the electrode PAni/
Pt for EG electrooxidation was examined for di�er-
ent platinum loadings. Changes in the platinum
loading a�ect the oxidation current as they change
the surface area of the electrode. Indeed, as shown in
the inset of Fig. 2 current density increases with the
mass of metal incorporated and reaches a maximum
value of 4.71mA cm)2 at 1.2mg cm)2. The observed
decrease of the catalytic activity for higher loadings
probably means that for these deposits the system
exhibits a lower degree of dispersion.

3.2. EG electrooxidation on Pt-based
multimetallic systems dispersed in polyaniline

The catalytic activity of the dispersed electrode is
even more enhanced when instead of PAni/Pt, the
multimetallic assemblies PAni/Pt±Ru, PAni/Pt±Sn
and PAni/Pt±Ru±Sn are employed. Figures 5, 6 and 7
show the quasi-steady state voltammograms of Pt±
Ru, Pt±Sn and Pt±Ru±Sn, respectively, in perchloric
acid solution containing EG. In all cases the shape
remains almost the same; two overlapping peaks in
both directions. In the case of PAni/Pt±Ru, EG
electrooxidation starts at the same potential as in the
case of PAni/Pt. Yet the ®rst maximum is found at
less positive, by around 40mV, potentials. The main
di�erence in the behaviour of the two catalysts rests
in the current values. The presence of ruthenium
causes an increase by almost double for the forward
scan and more than triple for the reverse. In the case
of PAni/Pt±Sn a much lower increase in the current

but a signi®cant decrease in the onset potential of EG
electrooxidation are observed. The oxidation reaction
starts at 0.2V. In the case of PAni/Pt±Ru±Sn, the
voltammogram exhibits characteristics from both
PAni/Pt±Ru and PAni/Pt±Sn electrodes. The volta-
mmetric behaviour is a combination of these two
systems. Thus, EG oxidation starts at 0.28V and the
®rst peak of the positive-going sweep appears at

Fig. 5. Voltammograms for EG (0.1M) oxidation on a PAni/Pt±
Ru (0.6mg cm)2) (±±) and a PAni/Pt (0.6mg cm)2) (- - -) electrode
in 0.1M HClO4. jdE=dtj � 5mV sÿ1.

Table 1. dhkl values of Pt taken from PDF [34], in comparison with

the measured values �dobs� from the di�raction pattern

h k l d/nm dobs/nm

1 1 1 0.2265 0.226

2 0 0 0.1962 0.197

2 2 0 0.1387 0.139

3 1 1 0.118 26 0.118

2 2 2 0.113 25

4 0 0 0.098 08

3 3 1 0.090 00

4 2 0 0.087 73

4 2 2 0.080 08

Fig. 6. Voltammograms for EG (0.1M) oxidation on a PAni/Pt±
Sn (0.6mg cm)2) ( ±±± ) and a PAni/Pt (0.6mg cm)2) (- - -) electrode
in 0.1M HClO4. jdE=dtj � 5mV sÿ1.
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0.58V (5.74mA cm)2) and the second at 0.77V
(6.11mA cm)2).

Earlier studies on bimetallic assemblies [4, 33] have
shown that the oxygen species, which are necessary
for the oxidation of organic molecules on platinum,
start to form at very low potentials on Ru or Sn sites
and readily react with the carbon adsorbed species of
Pt sites. This bifunctional mechanism is responsible
for the decrease in the overpotential of ethylene glycol
electrooxidation observed mainly in the case of PAni/
Pt±Sn in which the hysteresis phenomenon, observed
in all other catalysts examined, disappears. As regards
the large increase in current in PAni/Pt±Ru electro-
catalysts, transmission electron microscopy studies
(Fig. 4(b)) reveal that in PAni/Pt±Ru assemblies the
metallic microparticles exhibit a ®ner dispersion and
thus the same metallic mass leads to a larger electrode
surface area. It should be noted that the only phase
detected is Pt and no Ru rings are observed in the
corresponding di�raction patterns. One explanation
might be that Ru exists in the form of adatoms on Pt
microcrystallites or that the condensed mass of Ru
crystallites is too low to be detected.

The long-term stability of the electrodes employed
was checked with the time dependence of the current
at the ®rst peak maximum of the positive-going
sweep. Figure 8 shows that the PAni/Pt±Sn electrode,
among the used multimetallic electrodes, is the most
stable electrocatalyst. Within the ®rst 10min there is
only a 23% decrease in the value of the observed
current, whereas for PAni/Pt and PAni/Pt±Ru this
decrease amounts 49%. Such an observation veri®es
that the addition of Sn as a second or third metal
reduces poison formation.

The stability of the electrode was also tested
against storage and time of usage. It was found that
the catalytic activity of freshly prepared electrodes
was only slightly better than that of the same elec-
trodes after having been used and stored overnight in
aqueous solution containing 0.1M HClO4. Under
rotating conditions the catalytic activity remained
almost constant even after repetitive use, indicating
that intense stirring does not cause signi®cant damage
to the polymer ®lm.

3.3. In¯uence of heavy metal ad-atoms deposited
at underpotentials

The in¯uence of heavy metal adatoms deposited at
underpotentials on the oxidation of EG on Pt mic-
roparticles was also studied. According to the litera-
ture [1], smooth Pt modi®ed by underpotential
monolayers of Pb, Tl and Bi is a better catalyst than
pure Pt towards EG electrooxidation in acid solu-
tions.

When platinum is dispersed in polyaniline, how-
ever, Tl and Bi adatoms inhibit EG oxidation. Lead
underpotential deposition has a positive e�ect on the
catalytic activity of Pt (Fig. 9) only when Pt is elec-
trodeposited on PAni ®lms from a solution also
containing a lead salt, as described in the experi-
mental section. The current of the ®rst peak of the
anodic sweep and the last one during the cathodic
sweep become almost double. As bulk lead cannot be
deposited at the potential employed (0.1V), it is very
possible that Pb atoms are incorporated in the plat-
inum particles due to their underpotential deposition
taking place during the electrodeposition process.

Fig. 7. Voltammograms for EG (0.1M) oxidation on a PAni/Pt±
Ru±Sn (0.6mg cm)2) (±±±) and a PAni/Pt (0.6mg cm)2) (- - -)
electrode in 0.1M HClO4. jdE=dtj � 5mVsÿ1.

Fig. 8. Time dependence of the total current of the ®rst oxidation
peak of EG (0.1M) on PAni/Pt and PAni/Pt±Ru (±±±), PAni/Pt±
Ru±Sn ( - - - ) and PAni/Pt±Sn (� � � �). In all cases the total metallic
mass incorporated is 0.6mg cm)2.
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Lead atoms present in the surface together with
platinum inhibit chemisorption of weakly adsorbed
species, according to the third body e�ect, and en-
hance the catalytic activity of the electrode.
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