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Abstract

The electrocatalytic behaviour of a series of ole®ns was studied on thermally prepared Ti/MO2 and Ti/M0:3Ti0:7O2

electrodes (M = Ru, Ir) in 1.0 M HClO4 in mixed solvent (AN/H2O, 40/60 v/v). The voltammetric investigation
was limited to the potential region preceding the OER on these electrodes materials (E < 1:2 V vs SSCE). Aliphatic
ole®ns (isophorone and cyclohexene) are inactive while the aromatic ole®ns show a single (safrole) or two
(isosafrole) oxidation peaks. The overall catalytic activity of these electrode materials is about the same for both
substrates. However, when morphological effects (differences in electrode surface area) are taken into account,
normalizing the geometric current density (or faradaic charge) per surface site activity, a slightly better ef®ciency of
the active surface sites is observed for Ru-based electrodes when compared to the equivalent Ir-based materials.
Partial substitution of the noble metal catalysts by TiO2 results in a synergetic effect depressing the ef®ciency of the
active surface sites of the TiO2-stabilized electrocatalysts. The decrease with potential cycling of the substrate
oxidation current is attributed to dimeric/polymeric ®lm formation blocking the electrode surface. Re¯ectance and
FTIR spectroscopy as well as ohmic resistance data support ®lm formation.

1. Introduction

Oxidation is one of the most widely used synthetic
procedures to introduce structural changes in organic
substrates. Although the classical organic synthetic
routes make use of oxidants which are frequently
expensive, dangerous and environmentally unfriendly
(e.g., transition metal compounds), heterogeneous elec-
trocatalytic routes have the advantage of employing
oxidants immobilized in the electrode material thus
resulting in a cleaner procedure which, additionally,
reduces the subsequent elaboration steps needed to
isolate the products.
DSAâ electrodes, basically consisting of Ti-supported,

TiO2-stabilized, noble metal oxides having rutile struc-
ture [1] show some highly desirable features: (i) high
surface area (roughness) which can be easily modi®ed;
(ii) excellent mechanical, electrical and electrocatalytic
properties; (iii) the experimentally accessible potential
interval can be easily changed; (iv) the catalyst is
immobilized; (v) catalytic properties can be modulated
introducing a modulating oxide (binary and ternary
oxide mixtures); (vi) DSAâ are good catalysts for
chlorine and oxygen formation and therefore these

reactions can be explored to introduce structural mod-
i®cations in organic substrates; and (vii) DSAâ are
commercially available and are environmental friendly
electrode materials. These features make DSAâ inter-
esting electrode materials for application in organic
electrooxidation and have stimulated activity in this ®eld
[2±8]. The Ti/RuO2 system has received considerable
attention due to its excellent stability, electrocatalytic
properties and also the oxide coating prevents Ti-
passivation [9]. A further advantage is the large number
of Ru-oxidation states existing at the electrode surface
in the potential region between the hydrogen evolution
reaction, HER, and the oxygen evolution reaction, OER
[10, 11]. Among them the Ru(VI)/Ru(VII) (ruthenate/
perruthenate) redox couple has been pointed as an
excellent mediator due its good reversibility and stability
[11, 12]. The better resistance to anodic corrosion has
stimulated interest in Ti/IrO2 when compared to the
Ti/RuO2 electrode [12].
Despite its favourable properties, DSAâ has been

only marginally explored in organic electrosynthesis
[13]. In the 1970s, the ®rst paper on organic oxidation
using oxide electrodes was published by Galizzioli et al.
[14]. More recently, these electrode materials have
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become intensively explored in the organic electrosyn-
thesis [2, 4±6] and wastewater treatment ®elds [15±17].
Due to their importance in fuel cell applications, most of
the published work has been centred on the oxidation of
alcohols and aldehydes while some work investigating
the oxidation of slightly larger, more complex, organic
substrates has appeared [5, 7, 18]. We therefore decided
to investigate Ti/MO2 and Ti/M0:3Ti0:7O2 (M = Ru or
Ir) electrodes with respect to their activity towards the
oxidation of aromatic (safrole, SF, and isosafrole, ISF)
and aliphatic (cyclohexene, CH, and isophorone, IS)
ole®ns. The substrates were chosen to study the in¯u-
ence of the organic structure on the oxidation process.
It is very important to ®nd economically viable

synthetic routes that convert starting materials to
value-added products. For instance, the main oxidation
product of ISF is piperonal, PI, a widely used product in
the perfume industry. Large-scale production of PI
involves Cr(VI) as an oxidant [19]. Although economi-
cally feasible, the use of Cr(VI) is a drawback. Alterna-
tive production processes have been investigated, for
example, homogeneous electrocatalysis using a Ru(IV)
pyridine complex [20] and more recently direct oxidation
with PbO2 or indirect oxidation with MnO2 as proposed
by Grimshaw and Hua [21]. PI yields of 48.9% [20] and
54% [21] in indirect oxidation and 35% [21] in direct
oxidation were obtained.

2. Experimental details

2.1. Preparation of electrodes materials

Electrodes materials were prepared by thermal de-
composition �Tcalcination: 400 �C; 1 h; oxygen ¯ux:
5 dm3 minÿ1) of the appropriate precursor mixtures
prepared in HCl 1:1 (v/v). Chlorides were used as
precursor salts (RuCl3:nH2O Aldrich, TiCl4 99% Vect-
ron, IrCl3:nH2O Aldrich), which were applied by brush
to both sides of the pretreated Ti-support (10mm �
10mm� 0:13mm) to achieve a 2 lm thick coating,
corresponding to 1.0±2.3 mg cmÿ2 oxide loading (de-
pending on composition). An average of four or ®ve
applications was required to obtain the desired oxide
loading. Details of the preparation and ®nal mounting
of the electrode are described elsewhere [22].

2.2. Solvent

Acetonitrile, AN, was used as co-solvent in an AN/H2O,
40/60 (v/v) ratio to obtain the desired solubility of the
substrates (�0.1 M). Substrates investigated (all Ald-
rich) were puri®ed by distillation.

2.3. Cell and equipment

All experiments were conducted with a Princeton
Applied Research (PARC, model 273A) potentiostat/
galvanostat controlled by M270 software. A home-made

three compartments cell consisting of a main body
(�200 mL) and two smaller compartment, isolated from
the main body by coarse glass frits, containing two
platinized platinum wires employed as auxiliary elec-
trodes, was used throughout. The reference electrode
was a sodium saturated calomel electrode, SSCE.
Infrared spectra were recorded on a Nicolet (model
5ZDX) FTIR spectrometer. Re¯ectance electronic spec-
tra were obtained using a Guided Wave (model 260)
optic ®bre spectrometer equipped with tungsten±halo-
gen lamps and silicon (u.v.±vis.) and germanium (near
i.r.) detectors. Electrochemical impedance spectra were
obtained covering the 5 mHz to 100 kHz frequency
interval, employing a PARC (model 5210) lock-in
ampli®er, coupled to the 273A potentiostat/galvanostat.

3. Results and discussion

3.1. Voltammetric characterisation of the electrode
materials

The standard method for in situ characterization of
this kind of electrode material is recording CV, at
20 mV sÿ1, from 1.0 M HClO4 covering the potential
region before the onset of the HER (0.4 V vs RHE) and
the beginning of OER (1.4 V vs RHE) [23]. In this
potential region the observed voltammetric current is
the sum of the solid state surface redox transitions (the
main contribution) and the double layer charging. In the
case of ruthenium and iridium, the later process repre-
sents only a minor contribution to the total current.
Therefore, integration of the i=E curve results in the
voltammetric charge, q�, which can be taken as a relative
measure of the number of electrochemically active site
[24, 25]. Table 1 shows the q� values as a function of the
oxide composition investigated. The voltammetric be-
haviour of these materials in aqueous acid conditions is
well-known [10, 26]. However, almost no information
about the voltammetric behaviour in mixed aqueous/
organic solvent is available making a characterisation of
the system under these conditions necessary. Represen-
tative CVs, recorded between 0 and 1.1 V vs SSCE using
standard conditions, are shown in Figure 1. The volta-
mmetric behaviour of Ti/MO2 and Ti/M0:3Ti0:7O2

(M = Ru, Ir) electrodes in AN/H2O, 40/60 v/v, mixed
solvent is similar to the behaviour observed in aqueous
medium (1.0 M HClO4), showing that the organic co-
solvent, at least at the concentration used, exerts no
in¯uence on the electrochemical behaviour of the
electrodes.

Table 1. Voltammetric charge as a function of the composition of the

electrode obtained by integration of the voltammetric curve, recorded

in the absence of substrate, over the 0±1.1 V vs SSCE potential interval

Electrode RuO2 IrO2 Ru0.3Ti0.7O2 Ir0.3Ti0.7O2

Charge, q*

/mC cm)2
6.0 10.1 13.3 91.5
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In agreement with the known behaviour [2, 26], the
Ti/RuO2 electrode shows a pair of broad, not well-
de®ned, bands in the 0.2±0.4 V vs SSCE potential region,
associated with Ru(III)/Ru(IV) solid state redox transi-
tion. A second less pronounced anodic band, centred
around 0.9 V vs SSCE and associated with the Ru(IV)/
Ru(VI) redox transition, is also observed. The partial
substitution of RuO2 by TiO2, frequently used to
stabilize the Ti/RuO2 electrode and to reduce cost (lower
noble metal loading with only a slight loss in electrocat-
alytic activity), results in the following modi®cations of
the voltammetric behaviour: (i) the voltammetric charge,
q�, increases from 6.0 to 13.3 mC cmÿ2 when 70% of
RuO2 is substituted by TiO2; (ii) the Ru(IV)/Ru(VI) solid
state redox transition becomes less pronounced.
The i=E curve (Figure 1) shows, for Ir-based electrode

materials, only the Ir(III)/Ir(IV) solid state transition,
localized at 0.4±0.8 V vs SSCE. Nevertheless, Wen and
Hu [26] observed evidences of Ir(IV)/Ir(VI) transition
states before the onset of OER. The partial substitution
of IrO2 by TiO2 leads to a drastic increase in q� from
10.1 mC cmÿ2, for the pure catalyst, to 91.5 mC cmÿ2

for the binary system. A systematic SEM investigation
of the Ti/IrxTi�1ÿx�O2 system by da Silva et al. [27]
showed that a very rough structure is obtained for
intermediate compositions (0:4O x P 0:8). IrO2 segre-
gation from binary or higher mixed oxide systems is a
well-known phenomenon [27, 28]. Thus the drastic
increase in voltammetric charge (number of electro-
chemically active sites) can be attributed to an increase
in roughness of the binary system combined with
IrO2-segregation.

3.2. Oxidation of organic substrates

Figure 2 shows the structural formula of the organic
molecules investigated. Aromatic and aliphatic ole®ns in
acid mixed solvent behave rather di�erently on DSAâ.
No voltammetric current was observed with the alipha-
tic ole®ns (CH and IS) showing that the electrode
materials under investigation, and at the experimental
conditions explored, do not possess electrocatalytic
activity for this group of substrates. In the case of the
aromatic ole®ns (SF and ISF), however, high oxidation
currents were obtained, as shown in Figures 3 and 4.
The aromatic substrates behave di�erently in the sense
that, while for all conditions explored SF gives a single
well de®ned irreversible oxidation peak, with Ep '
1:05V (Figure 3), ISF furnished two well de®ned
irreversible oxidation waves with peak potentials

Fig. 1. Representative cyclic voltammograms in 1.0 M HClO4 and

AN/H2O 40/60 (v/v) of: (a) (Ð±) Ti/Ru0:3Ti0:7O2, (- - - - -) Ti/RuO2

and (b) (Ð±) Ti/Ir0:3Ti0:7O2, (- - - - -) Ti/IrO2. m � 20 mV sÿ1,
A � 2:0 cm2.

Fig. 2. Substrates investigated.

Fig. 3. Representatives cyclic voltammograms (- - - - -) in the absence;

(Ð±) in the presence of 33 mM SF in 1.0 M HClO4 and AN/H2O 40/60

(v/v). (a) Ti/RuO2; (b) Ti/IrO2. m � 20 mV sÿ1, A � 2:0 cm2.
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respectively at 0.8 and 1.10 V (Figure 4). Partial substi-
tution of the catalysts (RuO2 or IrO2) by TiO2 does not
signi®cantly a�ect this behaviour.
The fact that the aromatic ole®ns are more easily

oxidized can be understood considering the negative
charge density, dÿ, induced by the aromatic ring and the
presence of the two oxygen atoms in the structure. The
di�erence in electrochemical behaviour between SF and
ISF can be explained in terms of the conjugation present
in the ISF structure. While the cation radical of the
conjugated ole®n (ISF), formed after the ®rst oxidation
process, is stabilised through ring conjugation, thus
requiring a more anodic potential (more energy) for
further oxidation, no such charge stabilisation occurs
with the nonconjugated SF. Thus both oxidation
processes occur at about the same potential, resulting
in a single oxidation peak.
In the case of the Ti/RuO2 electrode the substrate

oxidation processes coincide with the potential region
where the Ru(IV)/Ru(VI) solid state redox process occurs
[2, 26]. Thus the catalytic species may be associated with
the ruthenate (RuOÿ24 ) form. With the Ti/IrO2 electrode,
organic substrates are oxidised at slightly more anodic
potentials than the Ir(III)/Ir(IV) transition, suggesting
the oxidation process involves higher oxidation states
than Ir(IV). A similar conclusion was reached by
O'Sullivan and White [2].

3.3. E�ciency for substrate oxidation

Figure 5 shows the faradaic current densities, Jf, as a
function of substrate concentration for the pure oxide

electrodes. The faradaic current density, Jf, due to the
organic substrate oxidation, was obtained subtracting
the total current density, Jtotal (measured at the peak
potential or plateau) from the current density due to the
solid state redox transition, Jse, so: Jf � Jtotal ÿ Jse.
The Jse values were obtained from a CV recorded with
the pure supporting electrolyte and measured at the
same potential of Jtotal. In the case of ISF Jf represents
the total current (sum of peak 1 and peak 2). From the
data of Figure 5, an apparent reaction order with
respect to the SF and ISF concentration of �1 was
derived for both catalyst materials. Iridium oxide
electrodes showed a slightly smaller value (0.8) re¯ecting
the somewhat stronger adsorption of the organic mate-
rial compared with RuO2.
A comparison of the graphs of Figure 5 shows a linear

relationship and approximately the same current density
at low substrate concentration (<20 mM) for both
electrode materials. Since both substrates have very
similar structures it is reasonable to assume similar
diffusion coef®cients and degrees of accessibility to the
electrode surface, suggesting the total number of elec-
trons involved in the oxidation process of both sub-
strates to be the same. At higher substrate
concentrations, a slightly different behaviour is ob-
served. For both electrode materials Jf values for SF
continue to increase in an almost linear manner with
concentration, while the current levels off in the case of
ISF. In principle, the behaviour at the higher ISF
concentrations may be attributed to current limitation
due to mass transport. This, however, does not explain
why SF behaves differently from ISF at the higher
substrate concentration. Continuous potential cycling

Fig. 4. Representatives cyclic voltammograms (- - - - -) in the absence;

(Ð±) in the presence of 36 mM ISF in 1.0 M HClO4 and AN/H2O

40/60 (v/v). (a) Ti/RuO2; (b) Ti/IrO2. m � 20 mV sÿ1, A � 2:0 cm2.

Fig. 5. Faradaic current density as a function of substrate concentra-

tion. 1.0 M HClO4 in AN/H2O 40/60 (v/v). (a) Ti/RuO2; (b) Ti/IrO2;

(d) SF and (s) ISF (for ISF Jf � Jf;peak 1 � Jf;peak 2).
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experiments (following Section) show that the electrode
surface is blocked by ®lm formation due to radical
dimerization/polymerization. Dimerization and poly-
merization are higher order processes explaining why
blocking of the electrode surface only becomes an
important feature at the higher substrate concentrations,
while the difference in cation radical stability explains
the more pronounced effect observed with ISF. In fact
the higher stability of the ISF radical permits a higher
radical concentration at the electrode interface and
explains why ®lm formation is more pronounced for this
substrate.
An approach to compare the e�ciency of the surface

active sites of di�erent solid state electrode materials is
the use of the faradaic voltammetric charge, qf, instead
of the faradaic current density. The use of qf includes a
much broader experimental universe compared with just
one single experimental point used for Jf analyses.
Besides the intrinsic, more important, statistical signif-
icance of qf, events can be observed which frequently
escape from a single-point analysis. qf values were
obtained by integrating the i=E curves over the potential
interval between Ei � 0:6 V (at the foot of the oxidation
processes) and the ®nal potential, Ef, taken 50 mV more
anodic then the peak potential (or the levelling-o� of the
current in cases where a plateau is observed). This
integration results in the total voltammetric charge,
qtotal, from which the contribution of the redox transi-
tion, qse, (obtained integrating the i=E curve recorded
with a pure supporting electrolyte over the same
potential interval) is subtracted, thus furnishing the
faradaic charge due to substrate oxidation (qf � qtotalÿ
qse). Figure 6 shows qf as a function of substrate
concentration for all electrode materials investigated.
Besides, the di�erence observed in the q�-value
(Table 1), the qf against organic substrate concentration
plot (Figure 6) is independent of the electrode material,
showing the process is controlled by di�usion.

Qf re¯ects both the apparent (morphological e�ect)
and the real (e�ciency of the surface active sites)
e�ciency and is a useful criteria to judge the overall
e�ciency of di�erent substrates. However, and when the
process is not totally surface controlled it cannot be
used. In fact, the voltammetric charge (q�) for the same
geometric area (2 cm2) shows a rather di�erent values
for the number of electrochemically active sites as the
electrode composition is changed (Table 1). To obtain
an useful criteria to judge the real e�ciency of di�erent
electrode materials, one must eliminate the contribu-
tions due changes on the surface area. For oxide-based
electrode materials an adequate approach is obtained
dividing the faradaic voltammetric charge (qf) by q�

(voltammetric charge obtained in the absence of organic
substrate and a representative parameter of the number
of active surface sites). The resulting normalised farad-
aic voltammetric charge, qf;N, (qf;N � qf=q�) is a param-
eter whose numerical value describes the faradaic charge
per active surface site. Figure 7 shows qf;N as a function
of substrate concentration.

The normalized faradaic voltammetric charge, qf;N,
shows some interesting features. (i) The normalized
faradaic voltammetric charge is much higher for the

Fig. 6. Faradaic voltammetric charge as a function of substrate

concentration. qf obtained by integration of the i=E curve recorded

in 1.0 M HClO4 in AN/H2O 40/60 (v/v), m � 20 mV sÿ1. (a) ISF and

(b) SF; (d) Ti/RuO2; (s) Ti/Ru0:3Ti0:7O2; (j) Ti/IrO2; (()

Ti/Ir0:3Ti0:7O2.

Fig. 7. Normalized faradaic voltammetric charge (qf;N) as a function

of substrate concentration. (a) ISF; (b) SF; (d) Ti/RuO2; (s) Ti/

Ru0:3Ti0:7O2; (j) Ti/IrO2; (()Ti/Ir0:3Ti0:7O2. (Voltammetric charge

integrated from CV registered in the same conditions described in

Figure 6).
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pure oxides than for the binary TiO2 containing
mixtures. This result suggests TiO2 is capable of
depressing the catalytic activity of the pure catalysts.
(ii) The e�ciency of the active surface sites of the
Ti/RuO2-electrodes is slightly better than Ti/IrO2. It is
worthwhile to stress that other fundamental properties
(e.g., service life) should be considered before deciding
which is the best electrode material for a given appli-
cation.

3.4. Investigation of the in¯uence of continuous
potential cycling

Deactivation of DSAâ in the presence of organic
substrates and solvents has been reported in the liter-
ature [29]. Initially the in¯uence of the organic solvent
on the electrode behaviour was investigated by contin-
uous cycling of the electrode potential between 0.1 and
1.2 V in 1.0 M HClO4 and AN/H2O, 40/60 v/v. During
the ®rst 40 cycles a gradual decrease of the current at the
OER region (E � 1:2V) was observed. Further increase
of the number of potential cycles causes no change in the
performance of the electrode. The small current decrease
observed during the ®rst 40 cycles can be attributed to
an accommodation of the outer region of the oxide
layer. Thus it seems a good practice to submit freshly
prepared electrodes to a continuous potential cycling
program until a reproducible i=E pro®le is obtained to
assure that electrochemical active sites reaches an
equilibrium state.
The continuous potential cycling investigation was

also done in the presence of 33 mM SF (36 mM ISF). To
minimise mass transport problems CVs were recorded
using a strong N2-¯ux. A representative result is showed
in Figure 8.
For both substrates and electrode materials the results

show that after 30 potential cycles oxidation process is
almost completely blocked. Following possibilities were
considered to explain the current decrease as function of
the number of potential cycles: (i) electrode lixiviation;
(ii) decrease of substrate concentration; (iii) blocking of
the electrode surface. The ®rst possibility can be
excludes once after cleaning the blocked electrode, with
an organic solvent (propanone), the original electrode
activity is restored. In fact, identical q�-values were
obtained before blocking of the electrode surface and
after its cleaning.
In view of the rather large electrodes used substrate

consumption was also considered. Assuming n � 2,
calculation of the charge consumed during 30 potential
cycles resulted in substrate consumption values in the
range of 5.0±7.2 mg. These values, compared with the
original substrate mass (�330 mg) and considering that
the solution was heavily stirred with a N2-stream during
the recording of the CV pro®les permits to discard
substrate concentration changes at the electrode/solu-
tion interface as a possible cause of the current decrease.
Blocking the electrode surface due the adsorption of

organic substrate and/or dimeric/polymeric ®lm forma-

tion is a well known feature of oxidation processes at
solid electrodes. In the present investigation, blocking of
the electrode activity by a ®lm which covers its surface is
the most probable cause of current decrease. The fact
that electrode cleans choosing an appropriate organic
solvent restoring its activity is good evidence in favour
of surface blocking due to dimeric/polymeric ®lm
formation.
To further support ®lm formation FTIR and re¯ec-

tance spectra covering the u.v.±vis. and near i.r. regions,
before and after blocking of the electrode surface, were
recorded. The FTIR spectra of pure RuO2 and IrO2

were recorded using the oxides pressed in a KBr matrix.
In the presence of organic substrate the electrodes were
submitted to 50 potential cycles and after exhaustively
washing with mixed solvent, to remove any excess of
organic substrate, the electrode coating was scrapped
from the Ti-support and a KBr pellet was prepared with
this material. Representative FTIR spectra form pure
oxide coating and with the organic ®lm are shown in
Figure 9.
Pure RuO2 shows intense peaks at 3400, 1630 and

600 cmÿ1 characteristic of ±OH (oxide hydration) [30].
The FTIR spectra of blocked RuO2 shows bands at
2900, 1600, 1500 and 1440 cmÿ1, characteristic of C±H
and C- - -ÐC axial deformation in the aromatic ring,
besides bands at 1245 and 1040 cmÿ1 characteristic of
C±O±C axial deformation.
Re¯ectance electronic spectra were recorded directly

from the Ti-supported coatings after the same treatment
described above. Representative spectra are shown in
Figure 10. The re¯ectance electronic spectra of clean
Ti/RuO2 coating shows a well-de®ned peak at 590±

Fig. 8. Voltammetric curves as a function of continuous potential

cycling in the presence of the organic substrate. (a) 36 mM ISF and (b)

33 mM SF. (ÐÐ) ®rst cycle; (- - - - - - -) 30th cycle; (� � � � � �) in support

electrolyte. 1.0 M HClO4 in AN/H2O 40/60 (v/v). m= 20 mV sÿ1.
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600 nm together with a shoulder centred at 430 nm. No
peak is observed with pure clean Ti/IrO2 coating. After
®lm formation the electronic spectra shows some drastic
changes. In the case of the Ti/RuO2 electrode, depend-
ing on the region of the electrode surface sampled,
intense bands (450 and 690 nm) and shoulder (640 nm)
were observed. For Ti/IrO2 electrode bands at 430 and
554 nm were observed showing that some organic
material may be present on the electrode surface. We
were not able to deduce the structure from these data.
However the FTIR spectroscopic results clearly show
that an organic substrate, similar but not identical to the
original, covers the electrode surface.

It is well known that the ohmic resistance, RX, is a
parameter which mainly describes the resistance of the
solution contained between the working electrode and
the tip of the Luggin capillary. Therefore, if an extra
resistive element is incorporated in this region (e.g., a
®lm blocking the electrode surface) the RX-value must
increase. This hypothesis was checked taking impedance
measurements in 1.0 M HClO4 aqueous solution, from
which RX was determined, before and after surface
blocking of the Ti/RuO2 electrode. Before electrode
blocking a 0:4X cmÿ1 value for RX was obtained which
is typical for DSAâ electrodes in 1.0 M HClO4 and in
good agreement with the results of earlier investigations
[31, 32]. After electrode blocking, as described before for
FTIR experiments, the impedance measurements fur-
nished a RXÿ value of 1:7 X cmÿ1. After elimination of
the blocking ®lm, washing the electrode abundantly with
AN and holding the potential applied at 1.7 V vs NHE
for a few minutes, the RX returned to its original value
(0:4 X cmÿ1) supporting the complete recovery of the
electrode surface. These ®ndings strongly support sur-
face blocking is mainly caused by ®lm formation due to
dimerization/polymerization of the cation radical
formed.
Depending on the structure of the organic substrate

and electrolysis conditions, blocking of the electrode
activity may be rather unimportant, permitting electro-
synthesis to be carried out. This is the case for benzyl
alcohol oxidation on Ti/RuO2 [5] for which a 65±85%
benzaldehyde yield was obtained. In the present inves-
tigation, however, with the electrolysis carried out at
peak potential, electrode deactivation is so e�ective that
the faradaic current falls to residual current values after
a few minutes of electrolysis. Presently studies are under
way to avoid electrode deactivation making electrosyn-
thesis experiments possible.

4. Conclusion

The aliphatic ole®ns CH and IF are electrochemically
inactive in the potential region preceding the OER on
Ti/MO2 and Ti/M0:3Ti0:7O2 (M = Ru or Ir) metallic
conductive oxide electrodes. In the same potential
region, the aromatic ole®ns are oxidised in a single
(SF) or two (ISF) steps showing a dependence on
substrate structure. The faradaic current density sug-
gests that the oxidation process for both substrates
occurs with the same number of electrons. The catalytic
species in the case of Ru-based electrodes is the
ruthenate (Ru(VI)) species while for the Ir-based elec-
trodes species with higher oxidation state than Ir(IV)
may be involved. The several electrode materials tested
showed a signi®cant difference in the number of
electrochemically active surface sites. Nevertheless, for
the oxidation of the organic substrates investigated, a
diffusion controlled process, the overall ef®ciency is
independent from the number of electrochemical active
surface site.

Fig. 9. FTIR spectra of RuO2 (- - - - -) before and (ÐÐ) after ®lm

formation in 36 mM ISF in 1.0 M HClO4 in AN/H2O 40/60 (v/v).

Fig. 10. Re¯ectance electronic spectra of: (a) Ti/RuO2; (b) Ti/IrO2.

(ÐÐ) before and (- - - - -) after ®lm formation in 36 mM ISF in 1.0 M

HClO4 in AN/H2O 40/60 (v/v). Curves 1 and 2 registered in different

regions of the electrode surface.
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Partial substitution of the catalysts by TiO2 revealed
an inhibition (depressive action) of the catalytic activity
of the TiO2-stabilized electrode material. The decrease
in current observed on continuous potential cycling is
attributed to dimeric/polymeric ®lm formation blocking
the electrode surface. Evidence for ®lm formation was
obtained from spectroscopic data (FTIR and re¯ectance
spectra) and from ohmic resistance values.
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