JOURNAL OF APPLIED ELECTROCHEMISTRY 28 (1998) 899-905

Electrochemical impedance spectroscopic study
of dimensionally stable anode corrosion
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An electrode of nominal composition Ti/Irg ;Tiy 7O, was prepared by thermal decomposition of the
chloride precursor mixture at 450 °C. A systematic study of the corrosion behaviour of this anode
was performed under accelerated conditions (j = 400 mA cm™) in acidic media. Simultaneously, CV
and EIS measurements were done at regular time intervals until the end of the electrode service life
(~528 h). It was possible to identify the various stages of the electrode deactivation, and quantify the
associated parameters. Three main steps were identified in the electrode deactivation mechanism.
During the first 170 h, the loss of the more external (porous) part of the oxide active layer occurred.
This is supported by the decrease in the parameter-values related to the electrochemically active
surface area of the anode (¢, and Cyg;) and an increase in the R..-values. The second stage is evidenced
by a potential step afterwards remaining practically constant up to ~380 h, suggesting that the more
compact and still very active region of the electrode is now exposed. Finally, for ¢.,. > 400h the
anode potential increases again. This behaviour, together with the R against time, suggests that the
most internal part of the original coating, less rich in IrO,, is now exposed to the solution and is
corroded. For t > ~510h the anode potential increases rapidly, the electrode being totally deacti-
vated at ¢t ~ 528 h, when the anodically grown TiO, film is exposed to the solution. During the
complete deactivation process, the growth of a TiO; film, due to Ti-support oxidation, in addition to
that already present (IrO, doped TiO, film formed during the calcination step), is evidenced by the
increase in the Rp-values, as well as decreasing Cp-values. However, for 7., < 450h the rate of this
process is not significant. Only for z.,, > 450 h Ti-support oxidation becomes the main feature of the
deactivation process.
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1. Introduction

Dimensionally stable anodes (DSAs®) are widely
employed in the electrochemical industry. TiO, sta-
bilized conductive metallic oxides, for example,
RuO,, IrO,, used as a catalyst supported on Ti°,
result in an electrode with excellent catalytic and
mechanical properties showing long service life under
industrial conditions. The good mechanical proper-
ties, permitting lower anode/cathode gap, results in
significant energy savings when compared to the older
cells not using DSA® technology. Presently, DSAs®
are increasingly used in the field of oxygen evolution.
For technological applications the service life of any
electrode material is always one of the main concerns.
Normally, the service life of an electrode is deter-
mined under conditions of accelerated corrosion,
imposing a high constant current to the system and
measuring the potential against time response [1].
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Electrochemical impedance spectroscopy (EIS) is a
powerful technique which has been used to evaluate
the electrochemical behaviour of a variety of mate-
rials. However, due to the particularities of the
conductive metallic oxides little work has been done
in the field of DSAs® [2-8].

To study the potential of EIS as a tool for fol-
lowing the corrosion behaviour of DSAs® an invest-
igation of these electrode materials, under conditions
of accelerated corrosion, was conducted using a
Ti-supported IrO,/TiO, mixture (Ti/Iry3Tip;0,) as
model system.

2. Experimental details
2.1. Electrode preparation

An electrode of nominal compositioin Ti/Iry 3Tig 70,
was prepared by thermal decomposition (450 °C) of
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about 0.14moldm™ solutions of IrCl;.xHCl.xH,O
(Aldrich) and TiCly (Ventron) in 1:1 (v/v) HCI
(Merck). The mixture of the precursor solutions of
the desired mole ratio was spread onto both sides of
the Ti support (10mm X 10mm X 0.15mm) by
brushing. The sandblasted support was etched in
boiling 10% oxalic acid, for 10min, just prior to
depositing the oxide layer. After each application, the
solvent was evaporated at about 80-90°C and the
dried layer fired for 5min, under a 5 Lmin~' oxygen
stream, in a preheated oven. The operation was re-
peated until the desired oxide loading (1.3 mgem ™2,
corresponding to a nominal thickness of about 2 ym)
was reached. The electrode was finally annealed at the
same temperature for 1h. On average four layers
were necessary to reach the required oxide mass. The
assembly of the electrodes and the special Teflon
holder have been described elsewhere [9].

2.2. Solution

1.0moldm™ HCIO, (Merck) solution was used as
supporting electrolyte. Experiments were conducted
at 32 + 2°C.

2.3. Techniques and instrumentation

Surface characterization and monitoring during the
corrosion study were done by recording cyclic vol-
tammograms at 20mV s~ ', over the 0.4-1.4V vs RHE
range, from 1.0moldm™ HCIO,. The corrosion
behaviour was investigated by submitting the elec-
trode to a constant nominal current density, j, of
400mA cm 2 and the E/t curve was recorded simul-
taneously. The service life (SL) of the electrodes was
taken as the time necessary for complete deactivation
of the electrode material (F = 6 V vs RHE). This time
corresponded to ~528 h.

Impedance spectra, obtained at regular time in-
tervals and constant d.c. potentials (1.48, 1.50V vs
RHE) covered the SmHz-100kHz frequency inter-
val. The morphological properties and the chemical
composition of the electrode surface, before and after
corrosion, were analysed by SEM and EDX.

Electrochemical measurements were carried out
using a PAR (model 273A) potentiostat, monitored
by a IBM (model 55/SX) personal computer. In the
case of the impedance measurements, a PAR (model
5210) lock-in amplifier was also used. SEM and EDX
analyses were done with a Zeiss (DSM 960) micro-
scope equipped with a Link Analytical (QX 2000)
X-ray energy microanalyser. A 20 keV electron beam
was used.

3. Results and discussion

3.1. Chronopotentiometric and voltammetric behaviour
as a function of corrosion time

The potential against time curve, obtained as a
response to the constant nominal current, j, of
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Fig. 1. EJt behaviour. j = 400mA cm . Supporting electrolyte:
1.0moldm™ HCIO,. T = 32 + 2°C.

400 mA cm 2 applied to the Ti/Irq 3Tiy 7O electrode,
is shown in Fig. 1. Based on the potential changes,
three characteristic regions can be identified. After a
constant potential region, a first increase in potential
is observed at t ~ 170 h, followed by a region where E
is again constant. At ¢~ 380h the potential ap-
proaches a new plateau. For ¢ > 450 h the potential
increases almost exponentially showing an abrupt
increase at ~510h when a total destruction of the
catalytic properties is observed.

The first potential increase, after the initial constant
potential region (0-170 h), reveals a slight decrease in
the catalytic efficiency of the system and is attributed
to the elimination of the more external and porous
part of the active layer. This interpretation is consis-
tent with SEM micrographs (showing the porous
structure) and the well-known tendency of IrO, to
segregate from oxide mixtures [10, 11]. The loss of the
porous part of the oxide layer, attributed to a combi-
nation of erosion and corrosion, and the consequent
decrease in roughness of the layer now exposed to the
solution, results in a higher effective current density
being sensed by the electrode, explaining the increase
in the potential at ~170 h. The decrease in the elec-
trochemical active surface area is supported by the
anodic voltammetric charge, ¢,/t curve which shows a
decrease in ¢, in the 150-180 h region (Fig. 2).

200 |-
-
.
150 | S o®040
~ .’0 °° L
£ .
o .
Q 1or :"i.
E LE TR
\“ -
o 50 | .,
.
.
s
0 C 1 1 1 1 1 1
0 100 200 300 400 500

Time/h

Fig. 2. Anodic voltammetric charge, ¢,, as a function of corrosion
time. Supporting electrolyte: 1.0moldm™ HCIO,. v = 20mVs ™.
¢. obtained integrating the i/E curve over the 0.4-1.4 V vs RHE
interval.
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The second region (180-370h) in the E/t curve can
be attributed to slow corrosion of the more compact
part of the active layer which still possesses excellent
catalytic activity. The slow corrosion of this part of
the active oxide layer is consistent with the low rate of
change in the ¢,/f curve in the same region.

In the third region of the E/t curve the rate of
increase in potential changes significantly while the
¢./t curve shows a simultaneous decrease in exposed
surface area. This behaviour suggests that the quan-
tity of catalytic material available can no longer sus-
tain the lower potentials observed in the earlier stages.
For ¢t > 500 h both E and ¢,/t show a sudden change,
corresponding to the beginning of anode deactiva-
tion, due to the consumption of the oxide layer and
passivation through the anodically grown TiO, in-
terlayer. After deactivation ¢, represents about 11%
of the original charge (Fig. 3), showing that a small
quantity of catalytic material is still present.

Compared to RuO,, IrO, has better resistance to
anodic corrosion. However, at £ > 2.0V vs RHE its
corrosion rate becomes significant due to the forma-
tion of soluble IrOﬁ* species [12]. Thus, for t < 170 h
material loss is probably caused by a combination of
corrosion and erosion, the latter being due to the
strong oxygen evolution. For 7> 170h the main
process is corrosion since for these stages the elec-
trode potential is more anodic (favoring corrosion)
while a more compact layer is exposed to the solution
(less erosion).

3.2. Electrochemical impedance spectroscopy (EIS)

Initially, the impedance spectrum in the complex
plane (—Zimag/Zrea1) at low frequencies shows a well
formed semicircle related to the OER, while at high
frequencies the beginning of a small semicircle is
observed, which is related to the oxide film properties
[2-4, 12, 13]. The impedance behaviour at high fre-
quencies is attributed to the IrO,-doped TiO, film,
formed during the calcination step at the Ti®-support
surface. In fact, the structure of the Ti®/oxide layer
interface, Ti°/OL, can be considered as a capacitor
made-up of Ti°-support/IrO,-doped TiO, (the di-
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Fig. 3. Cyclic voltammograms as a function of corrosion time, fco,:
(a) 0, (b) 93, (¢) 197, (d) 323, (e) 407, (f) 512 and (g) 528 h. Sup-
porting electrolyte: 1.0moldm™ HCIO,4. v = 20mVs™'.

electric)/oxide mixture (a metallic conductor) (see
Fig. 4(a)).

The formation of this film is supported by X-ray
diffraction analyses [14], which showed the presence
of TiO,, in the anatase and rutile forms, and Ti,O4
diffraction peaks in a freshly prepared film of nomi-
nal composition Ti/Irg3Cey70,, which does not
contain titanium oxide as a component. As shown in
Fig. 5, the small semicircle at high frequencies be-
comes much better defined with increasing corrosion
time, Zcor.

Interestingly, in the final stages of the E/t curve
(tcor > ~400h) a third semicircle starts forming in the
high frequency domain, becoming a prominent fea-
ture of the impedance spectra (see Fig. 5, insets). The
appearance of the third semicircle coincides with the
time that all other parameters change drastically,
suggesting a considerable loss of catalytic activity.

Using Boukamp’s EQUIVCRT program [15], ex-
perimental data were fitted to a Rq(RiQp)(R.Qa1)
equivalent circuit (EC) where the f subscript refers to
the properties of the film, the other symbols having
their usual meaning. Since DSAs® normally show a
high degree of roughness and inhomogeneities a
constant phase element (CPE) instead of capacitance
was used to fit the data [16-20].

From the CPE exponents (n values) it is possible to
identify the physical significance of this element. The
CPE of the semicircle related to the OER gives
n-values close to 1, suggesting this element behaves as
a capacitor, so: Qg = Cq;. On the other hand, the
n-values of the CPE related to the semicircle at high
frequencies initially show values close to 0.6, at the
end of the experiment, tending towards 0.8. These
initial n values, although far from unity, refer to a
capacitive element and can be attributed to hetero-
geneities of the oxide composition formed at the Ti
support/oxide layer interface (see Fig. 4(a)). In fact,
according to Martelli et al. [12], the structure of the
oxide formed at this interface is extremely variable:
amorphous or polycrystalline, anhydrous or hydrated
films can be obtained, depending on the preparation
procedure. Other possibilities are the formation of a
nonstoichiometric TiOp—_yy [12], or even of a mixed
Ir, Ti;_)O, interlayer [13]. The increase in n-values
can be explained in terms of the growth of a TiO, film
due to support oxidation (Fig. 4(b) and (c)), which is
corroborated by the increase in the R¢-values. Prob-
ably, the response of this non-Ir-doped TiO, film
superposes on that of the film formed during the
calcination step, providing higher n values. Another
possibility is that the oxide film formed during the
calcination step acquires a more stoichiometric
structure. Close to the end of the service life the in-
terlayer behaves as an almost perfect capacitive ele-
ment, n ~ 0.9, since at that moment the anodically
grown TiO; (an almost ideal dielectric) controls the
behaviour of the Ti/OL interface (see Figs 4(d) and 5).

The solution resistance values, R, as expected,
remain practically constant between 0.7 and
1.2Qcm? during the whole experiment.
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Fig. 4. Sketch of the electrode oxide structures during the various stages of the corrosion experiment. (a) New electrode; (b) electrode after
elimination of the more porous part of the active layer; (c) electrode after loss of the conductive layer and (d) complete deactivation of the

electrode SL.

As shown in Fig. 6, the film resistance values, Ry,
after a few hours rapidly increase to ~0.5Qcm?
staying almost constant until ., ~ 150h. For
teor > 150N, Rrincreases steadily reaching a new limit
of ~1.3-1.4Q cm?, at f,, ~ 300h afterwards only
increasing marginally until total deactivation of the
electrode material, when Ry increases abruptly to
~12Q cm® Thus, R; can be identified with the
resistance of the TiO, interlayer slowly growing
through oxidation of the Ti-support (resulting in a
TiO, film poorly doped with IrO,) superposed on the
response of the original IrO, doped TiO,; interlayer
(compare Fig. 4(a) and 4(b)). This interpretation is
consistent with the film capacitance, Cy, as a function
of time, which shows a rapid decrease in C; from
~80mFem™ to ~9mFem™ until ~200h, only
slightly decreasing for 7..,, > 200h (see Fig. 7).

The charge transfer resistance values, R, stay
constant during the initial 150 h, afterwards increas-
ing until a new plateau is reached at 180h <
teor < 300h. For ¢, > 300 h R steadily increases up
to complete loss of the electrocatalytic behaviour of
the electrode, when a value of ~230-330Q cm? is
obtained. Interestingly, these changes in the R.-val-
ues coincide with the breaks in the E/t curve (Fig. 1)
and reflect the loss of IrO,, resulting in a decrease of
catalytic activity at a particular stage of the experi-
ment, for example, the sudden increase in R
observed at ~528h is consistent with the almost
complete loss of the catalyst (TiO» is a bad catalyst
for the OER). This behaviour is illustrated in Fig. 8.

The R./t.or behaviour is corroborated by both the
double layer capacitance, Cq;, and anodic charge, q,,
as a function of time curves, which show changes in
the respective parameters at exactly the same 7.,
values (see Figs 9 and 2, respectively). The behaviour
of Cq; as a function of f., is consistent with the
proposed model (see Fig. 4). As can be seen from
Fig. 9 the double layer capacitance is almost constant
(~120mFcm™) up to ~180h when a sudden de-
crease, corresponding to the elimination of the more
external rough part of the active layer, is observed.
Then, Cgy stays constant at ~60 mF cm™ during the
300—400 h interval when the more compact structure
of the active layer is being corroded. At 528 h a sharp
drop to ~3mFcm™ occurs when the electrode
becomes deactivated and the anodically grown
TiO,-film at the Ti/OL interface, known to be com-
pact, is exposed to the solution.

Tafel coefficients were calculated using Equation 1
[21, 22]:

b = 2.303 Reyiss (1)
where i is the steady state current measured imme-
diately before each EIS analysis. Tafel coefficient
behaviour as a function of ., shown in Fig. 10, is
consistent with R, Cq; and ¢, behaviour.

3.3. Surface characterization of the oxide layer

The morphology and chemical composition of the
oxide layer was investigated by SEM and EDX
before and after the corrosion experiment.
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Fig. 6. Resistance, Ry, of the interlayer at the Ti/OL interface as a
function of corrosion time. E,, = 1.50 V vs RHE.

The SEM micrograph of the freshly prepared
oxide layer (Fig. 11(a)) shows the well-known
cracked-mud structure, typical of high TiO, content
conductive metallic oxide mixture [23]. The real
composition of the oxide layer, obtained from
quantitative EDX analysis, is different from the
nominal. The Ir atomic percentage (19.3%) is lower
than that expected from the nominal composition
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Fig. 7. Capacitance, Cy, of the interlayer Ti/OL as a function of
corrosion time. E,, = 1.50V vs RHE.
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Fig. 8. Charge transfer resistance, R, as a function of corrosion
time. E,, = 1.50V vs RHE.

Fig. 9. Double layer capacitance, Cgq;, as a function of corrosion
time. E,, = 1.50V vs RHE.
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Fig. 10. Tafel coefficients, b, (obtained from Equation 1) as a
function of corrosion time. E,, = 1.48 V vs RHE.

(30%) and suggests TiO, enrichment of the layer, as
also reported by other workers [24]. In our case this
can be attributed to the high acidity (HCI 1:1 (v/v)) of
the solvent used to dissolve the precusor salts, re-
sulting in partial dissolution of the Ti-support being
responsible for the high Ti atomic percentage (80.7%)
found by EDX.

The SEM micrograph, obtained at the end of the
corrosion study, reveals a totally different structure
(see Fig. 11(b)). However, it is very similar to the
structure observed by SEM for a preheated, bare, Ti-
support [25]. EDX analysis shows Ir 2.80 at % when
the electrode is deactivated. This small quantity of
IrO; represents 14% of the initial content. This result
is consistent with the anodic voltammetric charge,
which also indicates the presence of IrO, at the end of
the experiment and represents approximately 11% of
the original voltammetric charge.
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Fig. 11. SEM micrographs of freshly prepared electrode (a) and
after corrosion investigation (b). Electrode nominal composition
Ti/lr0_3Ti0_702.
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