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Abstract

Ti-supported IrO2/SnO2/TiO2 coatings were prepared by thermal decomposition of the chloride precursor mixtures
(400 �C). The e�ect of the replacement of TiO2 by SnO2 on the service life of the Ti/IrO2 + TiO2 coating was
investigated under galvanostatic polarization at 0.8 A cmÿ2 in 1.0 mol dmÿ3 HClO4. The deactivation mechanism
of the electrodes, using OER as the reaction model, was investigated through the periodic recording of voltammetric
curves (VC) and impedance spectra (EIS) as a function of the anodization time. Bulk composition and morphology
of the electrode coatings were investigated by energy dispersive X-ray (EDX) and scanning electron microscopy
(SEM) before and after accelerated life tests. The service life showed a dependence on the electrode composition.
Replacement of TiO2 by SnO2 in the Ir0:3Ti0:7O2 electrode led to a decrease in the service life of these systems above
30% mol SnO2 content. This behaviour is directly related to morphological factors and the absence of synergetic
e�ects. The behaviour of the parameters supplied by the EIS, VC, SEM, and EDX analyses made it possible to
describe the overall deactivation mechanism.

1. Introduction

Dimensionally stable anodes, DSAÒ, based on IrO2 are
frequently adopted as electrocatalytic material for O2

evolution in acid medium, due to their high activity and
stability against anodic corrosion. This oxide is a
natural choice from the technological point of view for
the replacement of the RuO2 in DSAs, because both
possess the smallest overpotential for OER of any of the
platinum metals. Furthermore, it has the advantage over
RuO2 of being stable at potentials above 1.85 V/RHE,
potential at which, RuO2 already presents a quite
signi®cant corrosion rate [1, 2]. The stability of the
IrO2-based electrodes has also been investigated from
the point of view of the base metal used and the oxide
added as the modulator agent [3, 4]. The adoption of
tantalum as the base metal increased the service life of
the electrode containing IrO2 as the active component
for the OER [4]. The e�ect of coating thickness and
surface treatment on the titanium base metal was
recently studied by KryÂ sa et al. [5, 6].
The aim of this research is to analyse the e�ect of the

replacement of TiO2 by SnO2 on the service life of the
Ti(Ir + Ti)O2 coating. The deactivation mechanism of

the electrodes, using OER as the reaction model, was
investigated by periodically recording the voltammetric
curves and impedance spectra as a function of the
anodization time at high current density (0.8 A cmÿ2).

2. Experimental

2.1. Electrode preparation

A series of eight electrodes with a Ir0:3Ti�0:7ÿx�SnxO2

(0 � x � 0:7) nominal composition was prepared, start-
ing with a Ir0:3Ti0:7O2 composition. The mol content
of IrO2 was kept constant, while SnO2 replaced TiO2

in 10% mol steps. The oxide layers were prepared
by thermal decomposition (Tcalc: 400 �C; O2 ¯ux:
5 L minÿ1; tcalc: 1 h), of 0.18 mol dmÿ3 of TiCl4 (Ald-
rich), IrCl3:xHCl:yH2O (Aldrich) and SnCl2:2H2O
(Vetec) mixtures dissolved in HCl 1:1 (v/v), used as
precursor solutions. The experimental conditions for the
precursor solutions and electrode preparation were
described previously [7].
The nominal coating thickness was kept constant at

2 lm corresponding to between 2.02 and 3.70 mg oxide
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loading (depending on composition). Electrode mount-
ing and further details are given elsewhere [8].

2.2. Techniques and experimental procedure

The electrochemical surface characterization of the
mixed oxide electrodes was accomplished by means of
voltammetric curves recorded at 20 mV sÿ1 between 0.4
and 1.4 V/RHE (reversible hydrogen electrode) in
1.0 mol dmÿ3 HClO4 solution. After measurement of
the open circuit potential, Eoc, the electrodes were
submitted to continuous cycling of the potential for
50 cycles, until a steady surface state was reached. The
impedance spectra of the system were recorded at
constant potentials (1.475, 1.50 and 1.525 V/RHE)
located in the OER domain.
The stability against anodic corrosion was evaluated

under galvanostatic conditions at a high current density
(0.8 A cmÿ2) in 1.0 mol dmÿ3 HClO4, recording the
electrode potential as a function of time. The service
life for a given electrode was determined by the time at
which the anode potential reached 6 V/RHE. Above
this value the electrode was considered inactive for
OER. The E±t curve was interrupted at regular
intervals to record the voltammetric curve and the
impedance spectra at the values of the potentials
mentioned. All electrochemistry experiments were re-
peated twice.
The bulk composition and morphology of the elec-

trode coatings were investigated by energy dispersive
X-ray (EDX) and scanning electron microscopy (SEM)
before and after accelerated life tests. Experimental
conditions of EDX analysis were adjusted, so that a
thickness of about 0.6 lm is analysed.

2.3. Equipment

The voltammetric curves and accelerated life test were
performed with a potentiostat±galvanostat model 273
from EG & G Princeton Applied Research (PAR),
coupled to an IBM PS/2 microcomputer model 55SX,
and monitored by the M270 PAR software. In the
studies of electrochemical impedance spectroscopy
(EIS), the potentiostat was coupled to a Lock-in
Ampli®er (LIA) PARC model 5210. EIS measurements
were obtained using the PARC M388 computer
program covering the frequency interval of 100 kHz±
5 MHz, with a sine wave amplitude of 5 mV (p/p). The
experimental impedance spectra were interpreted based
on an equivalent circuit using the EQUIVCRT program
elaborated by Boukamp [9].
The bulk composition and morphology of electrode

coatings were investigated by EDX and SEM using a
Zeiss model DSM 960 microscope connected to a
LINK ANALYTICAL model QX 2000 microanalyzer.
A four-compartment cell [10] was used in all experi-
ments. Electrode potentials are reported against the
RHE scale.

3. Results and discussions

3.1. E vs. t curve behaviour

Figure 1 shows representative chronopotentiometric
curves of the IrO2/TiO2/SnO2 system as function of
the composition submitted to a current density
of 0.8 A cmÿ2 in 1.0 mol dmÿ3 HClO4. Independent
of the composition, these curves are characterized for a
very slow variation of the potential, with the anodiza-
tion time followed by an abrupt increase in this value
around 6 V/RHE at the end of the service life of the
electrode.
The Ir0:3Ti0:7O2 electrode showed an average service

life of 15 h. Considering the value of the deposited mass
of IrO2, this system showed an experimental dissolution
speed of approximately 4:7� 10ÿ5 g cmÿ2 hÿ1. Di�er-
ent service life values have been cited in the literature for
systems containing IrO2 as the electrocatalytic compo-
nent for the OER. A direct comparison of these di�erent
values should be made with extreme caution, because
di�erences in the parameters such as, the value of the
applied current density, oxide layer composition, oxide
layer thickness, thermal treatment temperature, nature
of the precursor and solvent, and the nature of the
metallic support are all considered of great importance
for the stability of the oxide layer.
Service life values much larger than those observed in

this work have been cited in the literature. Under the
same experimental conditions, the Ir0:3Ti0:7O2 electrode
prepared at 450 �C [11] showed a service life 3 times
larger than that observed for the oxide layer prepared at
400 �C. This result is in agreement with that observed in
the literature when the calcination temperature of the
oxide layer is varied [12]. The longer service life appears
to be a consequence of an increase in the degree of
crystallization of the constituent oxides and the reduc-
tion of the surface area (increasing the protection of the
metallic base against passivation) [13]. The service life of

Fig. 1. Representative potential ± time curves as function of the

nominal composition of Ir0:3Ti�0:7ÿx�SnxO2 electrodes in 1.0 mol

dmÿ3 HClO4. j � 0:8 A cmÿ2.
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IrO2/RuO2/TiO2 as function of composition electrodes
varied from 0.8 to 560 h con®rming the decisive
in¯uence of the oxide layer composition on the service
life of a system [14].
The introduction of the third component in the IrO2/

TiO2 system did not produce signi®cant changes in the
value of the initial potential of the E±t curve, suggesting
no change in the overall electrocatalytic performance of
the system (inset Figure 2). However, the replacement of
TiO2 by SnO2 led to a decrease in the service life of these
electrodes, with lower performance for electrodes with
SnO2 content >30% mol (Figure 2). The e�ective cur-
rent density applied to the electrodes as a function of the
oxide layer composition is shown in Figure 3. A
decrease in the e�ective current density is observed for
SnO2 contents �30% mol. So, contrary to the experi-
mentally observed values one would expect an increase
in service life.
The decrease in the deactivation time of the elec-

trodes, promoted by the introduction of SnO2, may have
at least two di�erent causes: (a) the presence of SnO2

hindered the formation of a solid solution between IrO2

and TiO2, hampering the stabilizing action of TiO2 on
the active component thus facilitating the deactivation
of the oxide layer by mechanisms such as erosion and/or
corrosion; (b) the increase in the electroactive area of
these anodes, promoted by the introduction of SnO2,
supported by both the qa-values and SEM micrographs,
may have facilitated the metal base passivation. The
passivation phenomenon may be facilitated by solution
penetration through pores and cracks reaching more
easily the metallic support. Further support for metal
base passivation as a possible cause of high area
electrode deactivation is obtained from the EDX data
(see Figure 13e, f) which show that the high area Ti/
Ir0:3Sn0:7O2 electrode, once deactivated, still presents a
high Ir-content.

The possibility of item (a) being one of the causes of
the deactivation mechanism is corroborated by the fact
that the nominal composition of these electrodes is
di�erent from the nominal value [7]. Due to the high
volatility of the Sn precursor, the IrO2 content is
progressively greater in the oxide layer, while the
amount of TiO2 removed from the system is not
completely replaced by SnO2. After total replacement
of TiO2, the resulting oxide layer has �70% mol of
IrO2. Although the Ti/IrO2 electrode has high catalytic
activity it does not show high mechanical stability
requiring a stabilizing agent to improve its physical
properties.

3.2. Study of the deactivation mechanism by cyclic
voltammetry

The voltammetric behaviour of the IrO2/TiO2/SnO2

system as a function of composition, before and after
the accelerated life tests, is shown in Figure 4. Indepen-
dent of the SnO2 content, the voltammetric curves are
characterized by the presence of the Ir�3/Ir�4 solid state
redox transition, suggesting that the electrochemistry of
the surface of this system is controlled by this compo-
nent. Eoc values close to 0.92 V/RHE corroborate these
results. The introduction of SnO2 produced an increase
in the surface area of the electrodes (Figure 3). This
increase in surface area may be attributed to the
formation of a ®nely divided oxide layer, due to the
lower degree of interaction between the di�erent oxide
components. This result was con®rmed by SEM ana-
lyses of the freshly prepared electrodes.
The deactivation of the electrodes was accompanied

by periodic recording of voltammetric curves, with the
goal of monitoring changes in the surface provided by
the continuous anodization. Figure 5 shows the varia-
tion of the cyclic voltammograms as a function of the
service live of the Ir0:3Ti0:3Sn0:4O2 electrode as repre-
sentative of the system behaviour. Independent of the
service life, the cyclic voltammogram showed the

Fig. 2. Service life as a function of the nominal composition of the

Ir0:3Ti�0:7ÿx�SnxO2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2.
Values are the average of duplicate experiments. Inset: Variation of the

initial cell potential (Ecell) with the nominal composition.

Fig. 3. E�ective current density, j=qa, applied to the electrodes and

values of the anodic voltammetric charge (qa) as a function of the

nominal SnO2 content.
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Ir�3/Ir�4 surface transition. Even after total deactiva-
tion of the oxide layer (a condition assumed after the
potential electrode reaches 6 V/RHE), the voltammetric
curves still presented evidence of this redox process,
suggesting a residual IrO2 content is still present in the
oxide layer. Comparing the initial voltammetric charge
with the charge obtained at the end of the service life,
active oxide surface contents between 3±10% mol were
calculated. These results are in agreement with the
analyses of EDX, which con®rm the presence of Ir after
deactivation of the oxide layer. KryÂ sa et al. [15] found,
investigating the e�ect of the coating thickness on the
electrochemical properties of Ti/IrO2-Ta2O5, a relation-
ship between Ir content of the oxide layer and the service
life. These authors estimated that the minimum amount
of Ir to sustain oxygen evolution with low overpotential
is about �0.06 mg Ir cmÿ2. The values of the 0.08±
0.009 mg Ir cmÿ2 calculated by us for the Ir0;3-

Ti�0:7ÿx�SnxO2 electrodes after deactivation are in good
agreement with the value reported by KryÂ sa et al. [15].
The rather broad range of residual Ir-content observed
is due to the fact that for the high surface electrodes,
passivation of the metal support is the main cause of
electrode deactivation (see item 3.4) and occurs when
signi®cant amounts of IrO2 are presents.
Figure 6 shows the behaviour of the anodic voltam-

metric charge, qa, as a function of the anodization time
for Ir0:3Ti�0:7ÿx�SnxO2 electrodes. In general, the greater
the anodization time the smaller the qa value, suggesting
that the continuous loss of electroactive material con-
tributes to the deactivation mechanism in most of the
electrodes. In RuO2-based systems, this behaviour
is attributed to the oxidation of the Ru(IV) active sites
to higher oxidation states when potentials above
1.5 V/RHE are reached [16, 17]. RuO2 present in the
oxide layer can be lost as volatile RuO4 or as H2RuO5,

Fig. 4. Cyclic voltammograms of freshly prepared electrodes (a, b, and c) and after accelerated test life (d, e, and f) in 1.0 mol dmÿ3 HClO4;

20 mV sÿ1. Nominal electrode composition: Ir0:3Ti�0:7ÿx�SnxO2. (a) and (d) x � 0; (b) and (e) x � 0:4; (c) and (f) x � 0:7:
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soluble in acid solution. The formation of soluble Ir
species, such as IrO�4 , at potentials higher than 2.0 V/
RHE has been mentioned in the literature for IrO2 ®lms
anodically grown on Ir metal [18, 19].
Analysis of the E=t curves (Figure 1) shows two

potential behaviours can be distinguished in the poten-
tial region before electrode deactivation: (a) the time
interval where E � 2 V is related with to elimination of
the more porous oxide region due to erosion combined
with corrosion; (b) the time interval where E > 2:5 V is
related to the destruction due to corrosion of the more
compact oxide region. Near the end of the service life
passivation of the Ti-support contributes to the deacti-
vation of the electrode. This behaviour is consistent with
the qa vs. service life curves (Figure 6) and SEM (Figure
12) results.

3.3. Study of the deactivation mechanism by EIS

With the aim of evaluating the deactivation mechanism
of IrO2/TiO2/SnO2 electrodes periodic impedance mea-

surements were performed during the life tests under
accelerated conditions. Nyquist diagrams as a function
of anodization time are shown in Figures 7 and 8 for
electrodes having 0 and 70% SnO2 content (1.475 V/
RHE). Before the start of the accelerated life test
(t � 0 h), the impedance spectra are characterized in the
low frequency domain by a well de®ned semi-circle
related to the kinetic parameters of the OER while at
high frequencies a behaviour is observed which is
dependent on the applied potential.
A detailed investigation of the dependence of the

impedance spectra on applied potential was done earlier
[20]. For the less positive potential values (E < 1:475 V),
the high frequency region of these spectra does not
present a well-de®ned semi-circle but rather a straight
line, or the beginning of the formation of a semi-circle.
For more positive potentials (E � 1:475 V), the behav-
iour of the impedance spectrum at high frequencies
assumes the aspect of a semi-circle, independent of the
composition of the oxide layer. Lassali et al. [12]
concluded that the response in the high values frequency
domain of EIS is governed by threshold values of the
porosity/rugosity of the near to the surface oxide region

Fig. 5. Cyclic voltammograms of Ir0:3Ti0:3Sn0:4O2 electrode as func-

tion of anodization time at 0.8 A cmÿ2. 1.0 mol dmÿ3 HClO4,

20 mV sÿ1. (a) 0, (b) 2, (c) 7, and (d) 9 h.

Fig. 6. Anodic voltammetric charge, qa, as a function of service life of

Ir0:3Ti�0:7ÿx�SnxO2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2,
(d) x � 0; (j) x � 0:4; (�) x � 0:7.

Fig. 7. Nyquist diagrams as a function of the anodization time of

Ir0:3Ti0:7O2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2.
E � 1:475 V/RHE. (a) 0, (b) 4, and (c) 15 h. (s) Experimental, (+)

simulated data.
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and the conductivity of the TiO2(Ti2O3) interlayer at the
Ti�-support/bulk oxide interface formed during elec-
trode preparation.
Independent of the applied potential, the impedance

spectrum in the high frequency region is dependent on the
anodization time. The greater the anodization time the
more this spectral region assumes the shape of a semi-
circle (see Figures 7 and 8). These results suggest that
under severe anodic conditions the TiO2/Ti2O3 ®lm
formed between the metal base and the conductive oxide
layer in the electrode preparation stage tends to growwith
the anodization time thus increasing the ®lm resistance.
This result is in agreement with the CV, which indicates a
resistive element as revealed by the rather sluggish current
change observed at Ek. Similar results have been obtained
by Alves et al. [11] for the anodic polarization of Ti/(Ir +
Ti)O2 electrodes at 0.4 A cmÿ2 in 1.0 mol dmÿ3 HClO4.
The growth of this ®lm with time and with potential has
also been observed by Loucka [21].
Before the beginning of the accelerated life test, the

TiO2/Ti2O3 ®lm contributes little to the ohmic resistance
of the system, probably due to the solubility of the IrO2

catalyst in TiO2 leading to the formation of an e�ciently

IrO2-doped TiO2/Ti2O3 ®lm [22]. Oxidation processes of
Ti� to higher oxidation states already occur at negative
potentials (e.g. Ti/TiO; Eo � ÿ1:306ÿ 0:0591 pH). At
the positive working electrode potentials (+2 V) the
charged species necessary to balance the Ti�4 species are
furnished through an Oÿ2 ``hopping'' mechanism. As a
result undoped TiO2 starts growing, increasing in
thickness during the execution of the service life tests.

Timetallic ÿ! Ti�4 � 2O� ! TiO2 �1�
This process progressively leads to a decrease in the
conductivity of the TiO2/Ti2O3 interlayer, generating
the capacitive behaviour observed at the high frequen-
cies in the impedance spectrum. The greater the anodi-
zation time the higher the resistance of this ®lm and the
better the de®nition of the semi-circle observed in the
high frequency range of the spectrum.
The equivalent circuit which best ®ts the experimental

EIS data is a RX(RfCf)(RctCdl) combination (Figure 9),
with (RfCf) accounting for the behaviour of the TiO2

interlayer (Ti-support/active oxide layer interface),
formed during electrode preparation, in series with a
(RctCdl) combination to describe the OER at the active
layer/solution interface.
Independent of composition and anodization time,

RX-values between 0.3±0.5 X were found, which are
consistent with the conductive properties of the sup-
porting electrolyte used. For freshly prepared electrodes,
and during most of its service life, RX > Rf, though the
latter increases progressively. These results not only
show that the contribution of the IrO2-doped TiO2

interlayer to the ohmic resistance of the system is small,
but also suggest that the oxidation of the Ti-support,
resulting in poorly doped TiO2, is slow during most of
the anodization experiment, especially for TiO2-rich
electrodes.
The behaviour of Rf and Cf with the anodization time

is shown in Figure 10 at E � 1:475 V as a function of
composition. For 0±60% SnO2 content, Rf increases
more quickly near the end of the service life, rising
rapidly when the electrode is totally deactivated (the Ecell

increases abruptly to 6 V/RHE). This behaviour suggests
that the oxidation of the Ti metal base is the main cause
of total deactivation of the electrode material only near
the end of the service life. The faster increase of Rf during
most of the service life observed for SnO2-rich electrodes

Fig. 8. Nyquist diagrams as a function of the anodization time of

Ir0:3Sn0:7O2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2.
E � 1:475 V/RHE. (a) 0, (b) 7, and (d) 9 h. (s) Experimental, (+)

simulated data.

Fig. 9. Equivalent circuit used in the simulation of the experimental

results. The description of the circuit follows Boukamp's notation [9].
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suggests a larger contribution of passivation to the
deactivation process under these conditions. This behav-
iour may be related to the high surface area presented by
these electrodes (60±70% SnO2 ± see Figure 3).
The Rf behaviour supports, and is consistent with, the

Cf-values, which gradually decrease during most of the
service life, showing a sharp decrease when the total
deactivation of the electrode occurs.
Figure 11 shows the variation of Cdl and Rct with

anodization time (E � 1:475 V) for electrodes with
di�erent SnO2 contents. Similarly to the qa behaviour,
during anodization the Cdl-values decrease gradually
with an abrupt change at the end of the experiment.

This behaviour suggests that the surface area slowly
decreases due to gradual loss of the electroactive
material, probably through the combination of phe-
nomena such as erosion and corrosion, the electrode
gradually exposing a more compact surface to the
solution.
Except for the Ir0:3Ti0:7O2 electrode, Rct-values re-

main almost constant during most of the anodization
experiment with an abrupt change occurring on deac-
tivation of the electrode material. The behaviour is
evidence that, after corrosion of the IrO2-containing
layers, the OER occurs at a totally di�erent, non-
active, electrode material (at least a material not
containing enough IrO2 to support adequate electro-
catalytic activity).

Fig. 10. Rf and Cf as a function of the anodization time of

Ir0:3Ti�0:7ÿx�SnxO2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2.
E � 1:475 V/RHE.

Fig. 11. Rct and Cdl as a function of the anodization time of

Ir0:3Ti�0:7ÿx�SnxO2 electrodes in 1.0 mol dmÿ3 HClO4 at 0.8 A cmÿ2.
E � 1:475 V/RHE.
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3.4. Analysis of the oxide layers by SEM and EDX

Typical SEM micrographs of the Ir0:3Ti�0:7ÿx�SnxO2

electrodes, before and after the life test, are presented

in Figure 12. The behaviour of the SEM and EDX
analyses of freshly prepared electrodes have been
discussed elsewhere [7].

Fig. 12. SEM micrographs of freshly prepared electrodes (a, b, and c) and after accelerated life tests (d, e, and f) in 1.0 mol dmÿ3 HClO4.

Nominal electrode composition: Ir0:3Ti�0:7ÿx�SnxO2. (a and d) x � 0; (b and e) x � 0:5; (c and f) x � 0:7.
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The SEM micrographs depict a dramatic change in
the surface morphology of the electrode after the life
test. The morphological aspect of the Ir0:3Ti�0:7ÿx�SnxO2

electrodes after the life test showed a high dependence
on the oxide layer composition. Ti-rich electrodes still
showed mud-crack morphology, although the crystal-
lites are now of reduced size and countless regions with
the Ti-support are exposed to solution (Figure 12d).
The EDX analyses of the remaining regions of the
oxide layer show low Ir intensity response after total
deactivation of the electrodes, without showing a
signi®cant increase in the Ti response (Figure 13a and
b). These results are consistent with CV and EIS

results. Although deactivation of the Ir0:3Ti0:7O2 elec-
trode is in¯uenced by di�erent factors, the corrosion
promoted by the slow coating consumption due to
oxidation and dissolution of IrO2 is the main deacti-
vation process of the Ir0:3Ti0:7O2 oxide layer during
most of its service life.
The replacement of TiO2 by SnO2 produced some

changes in the deactivation mechanism. Ternary oxide
mixtures showed a larger and more damaged oxide
layer. The destruction of the oxide layer increased with
SnO2 content. This behaviour is in agreement with the
increase in the intensity of the Ti peak observed in the
EDX spectra when the SnO2 content was increased
(Figure 13). The `sponge-like' morphology observed for
the Ir0:3Ti0:3Sn0:4O2 electrode resulted from heavy cor-
rosion and erosion of the oxide layer during electrolysis.
The EDX spectra showed predominantly Ti peaks with
only a small residual signal of Ir after the life test. This
behaviour con®rmed that IrO2 was almost completely
removed from the oxide layer.
These results are consistent with the decrease in

service life observed for the Ir0:3Ti�0:7ÿx�SnxO2 electrodes
as a function of composition (Figure 2). The smallest
service life was observed for the electrode showing few
residual active oxide and almost a complete Ti-support
exposure after deactivation (40% SnO2). These results
suggest that for 40±60% SnO2 content erosion of the
oxide layer is the main deactivation process. The partial
substitution of TiO2 by SnO2 in the oxide layer
probably hinders the formation of a solid solution
between IrO2 and TiO2, limiting the stabilizing action of
the later component. The low interaction among the
di�erent components leads to the formation of an oxide
layer with small particles leading to a high surface area
and a high degree of dispersion of the catalytic oxide
(IrO2), but decreasing the mechanical stability of the
oxide layer. Erosion is possible, mainly because the
coating is porous and gas evolution at the surface is very
intense, inducing the detachment of some coating
particles.
The complete replacement of TiO2 by SnO2 changed

the deactivation mechanism. Although the intense O2

evolution promoted changes in the morphology of the
oxide layer, Figure 12 only reveals partial coating con-
sumption after the accelerated life test. This fact was
con®rmed by comparison of the EDX spectra before and
after the accelerated life test. EDX spectrum analysis
permits the following observations: (a) the Ti peak
showed a signi®cant increase after deactivation; (b) the
Ir peak showed a small decrease in intensity; (c) the Cl
peak practically disappeared; and (d) the Sn remained
una�ected. These results can be understood if we consider
that metal base passivation was the main factor respon-
sible for the deactivation of the oxide layer. The overall
behaviour of the EDX spectrum after the life test suggests
that the rougher external part of the IrO2-rich active layer
is initially destroyed by a combination of erosion and
corrosion. The high surface area (see Figure 3 ± qa value
for the freshly prepared electrode) and the increase in Rf

Fig. 13. EDX spectra before (a, c, and e) and after the accelerated life

test (b, d, and f) of the nominal electrode composition:

Ir0:3Ti�0:7ÿx�SnxO2. (a and b) x � 0; (c and d) x � 0:4; (e and f) x � 0:7.
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over most of the service life agree with a deactivation
mechanism promoted by metal base passivation.

4. Conclusions

The deactivation process of Ir0:3Ti�0:7ÿx�SnxO2 electrodes
arises from a combination of di�erent factors, such as
coating consumption by corrosion, mechanical damage
due to intense O2 evolution and metal base passivation.
The overall behaviour of the parameters supplied by
EIS, CV, SEM, and EDX analyses made it possible to
describe the overall deactivation mechanism as follows:
in the ®rst hours of service life, the rougher external part
of the layer is destroyed by a combination of erosion
and corrosion. Next, the more compact part, still
showing excellent catalytic activity, is destroyed mostly
by corrosion. During this process the IrO2-doped TiO2

interlayer, formed during preparation of the electrode,
gradually becomes thicker and less conductive. Finally,
when the coating layer is almost totally corroded, a
poorly IrO2-doped TiO2 layer, grown by oxidation of
the Ti-support, becomes the main factor in the complete
deactivation the of electrode material. The sudden
change in Rf, Cf, and Rct values observed at the end of
service life indicates total deactivation of the oxide layer.
The service life showed a dependence on electrode

composition. The replacement of TiO2 by SnO2 in the
Ir0:3Ti0:7O2 electrode leds to a decrease in performance
for SnO2 contents above 30% mol. The contribution of
the corrosion, erosion, and passivation phenomena to
the global deactivation mechanism is dependent on the
electrode composition directly related to morphological
factors and an absence of synergetic e�ects.
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