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INTRODUCTION

Due to considerable electrocatalytic activity in the
chlorine evolution reaction (CER), ruthenium-oxide-
based electroactive coatings on titanium substrate are
used as anodes for industrial production of chlorine [1]
and chlorates [2]. The coatings are of good catalytic
properties for many other electrochemical processes
[3]. They have also excellent capacitive characteristics
owing to the pseudocapacitive behavior [4], which
makes them applicable in the field of electrochemical
supercapacitors [5, 6].

The properties of ruthenium oxide and electrochem-
ical behavior of anodic oxide coatings depend on oxide
preparation procedure and the method of coating for-
mation. Electrocatalytic properties and stability of acti-
vated titanium anodes can be significantly improved if
the active coating is prepared by a sol–gel procedure [7,
8], as an alternative to the commonly used preparation
procedure that involves thermal decomposition of
metal chlorides [1, 3]. Improvement of the properties of
activated titanium anodes, obtained by the sol–gel pro-
cedure from oxide colloidal dispersions prepared by
forced hydrolysis of metal chlorides in acid solution,
was assigned to the homogeneous distribution of fine

oxide particles, i.e. to the larger real surface area of
such a coating in comparison to that obtained by ther-
mal decomposition [9].

Investigations of CER kinetics on activated titanium
anodes showed that the reaction is extremely fast, being
activationless at lower overpotentials [10, 11]. Pro-
posed mechanism consists of the following elementary
steps [12]:
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Kinetics and transport phenomena of CER were also
investigated by electrochemical impedance spectros-
copy (EIS) in particular [12]. Li et al. [13] investigated
CER on Pt by EIS and proposed that the CER mecha-
nism on Pt consists of two elementary steps, in which
adsorption step (1) is followed by recombination:
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Complex-plane diagrams are characterized by the
appearance of the faradaic impedance at high frequen-
cies followed by Warburg impedance at low frequen-
cies [13], which is due to diffusion of evolved chlorine
from the electrode surface towards the electrolyte bulk.
The Warburg impedance disappears under forced con-
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measurements and electrochemical impedance spectroscopy in 

 

H

 

2

 

SO

 

4

 

 and NaCl electrolytes. According to
polarization measurements, the activity of anodes at overpotentials below 100 mV is independent of coating
mass. However, impedance measurements above 100 mV reveal changes in the activity of anodes in chlorine
evolution reaction for different coating masses. The diffusion limitations related to the evolved chlorine are reg-
istered in low-frequency domain at 1.10 V (SCE), diminishing with the increase in potential to the 1.15 V
(SCE). The observed impedance behavior is discussed with respect to the activity model for activated titanium
anodes in chlorine evolution reaction involving formation of gas channels within porous coating structure. Gas
channels enhance the mass transfer rate similarly to the forced convection, which also increases the activity of
anode. This is more pronounced for the anode of greater coating mass due to its more compact surface structure.
The more compact structure appears to be beneficial for gas channels formation.
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vection conditions, and three separate semicircles rise
in complex-plane plot. Considering connection
between the charge transfer resistance and CER kinetic
parameters according to the mechanism containing
steps (1) and (4), Li et al. [13] ascribed the high-fre-
quency semicircle to the charge transfer in step (1),
while the semicircle at medium frequencies corre-
sponds to step (4). These authors ascribed the semicir-
cle in low-frequency domain to the formation of Pt–O
bound, since its characteristics depend on the electrode
state before CER.

Ruthenium oxide is also one of the most active elec-
trocatalysts for the oxygen evolution reaction (OER),
since the overpotentials are almost half of that regis-
tered on Pt [14, 15]. The Tafel slope increases from
40 mV at low overpotentials to 120 mV at higher over-
potentials [16]. At low overpotentials, OER mechanism
can be as follows [16]:

 

RuO

 

2 

 

+ H

 

2

 

O  RuO

 

2

 

–OH + H

 

+

 

 + e (5)

RuO

 

2

 

–OH  RuO

 

3

 

 + H

 

+

 

 + e (6)

2RuO

 

3

 

  2RuO

 

2

 

 + O

 

2

 

. (7)

 

It is assumed that side reaction of ruthenium oxide
electrochemical dissolution starts at higher overpoten-
tials, which causes an increase in the Tafel slope. Two
parallel reactions of oxygen evolution and ruthenium
oxide dissolution appear to have the same rate-deter-
mining step. In the latter case, the following elementary
steps take place instead of reaction (7):
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These reactions are the main cause for limited sta-
bility of activated titanium anodes during prolonged
electrolysis of diluted chloride solutions.

Having in mind the advantages of sol–gel prepara-
tion procedure in comparison to thermal decomposition
of metal chlorides, the aim of this work is to prepare

 

RuO

 

2

 

/Ti

 

 anode from ruthenium ethoxide in order to
simplify the procedure of coating deposition, and to
investigate the properties of obtained anodes for CER
and OER.

EXPERIMENTAL

Hydrous ruthenium oxide was prepared from 

 

RuCl

 

3

 

dissolved in ethanol [7, 17]. Prior to the dissolution,
commercial 

 

RuCl

 

3

 

 · 

 

x

 

H

 

2

 

O

 

 was dried at a temperature of

 

110°ë

 

 in nitrogen atmosphere for 24 hours. After the
rise of the solution temperature to the boiling point
(

 

~76°C

 

) under the reflux condition in nitrogen atmo-
sphere, 20 wt % ethanol solution of sodium ethoxide,
NaOEt, was slowly added into the boiling solution in
the amount that will give 0.10 M 

 

Ru(OEt)

 

3

 

. Formed
ethoxide was then left under mixing to hydrolyze for an
hour without addition of any hydrolyzing agent as in
[7].

 

The obtained precipitate was separated from the
solution and rinsed with distilled water, in order to sep-
arate 

 

RuO

 

2

 

 from NaCl. After the drying in air at 

 

120°ë

 

for 24 hours, hydrous oxide was suspended in ethanol
by using an ultrasonic bath (70 kHz). The suspension
became satisfactorily stable (during the period needed
for anode preparation) after 45 minutes of ultrasonic
treatment. Prepared suspension was used for anode for-
mation.

Titanium rods (3 mm) were used as a support for
active 

 

RuO

 

2

 

 coating. The rods were degreased in NaOH-
saturated ethanol solution, etched in hot HCI solution
and dipped in oxide suspension. The formed layer was
then dried at 

 

70°ë

 

. The dipping and drying were
repeated until the coating weight of 0.61 or 1.1 mg cm

 

–2

 

was reached. The final step in the 

 

RuO

 

2

 

/Ti

 

 anode for-
mation was the calcination at a temperature of 

 

450°ë

 

for an hour.

Surface appearance of prepared anodes was checked
by scanning electron microscopy (SEM), using a JEOL
microscope, Model JSM-T20 (

 

U

 

w

 

 = 20 kV).

The anode activity in CER and OER was investi-
gated by potentiodynamic (0.50 mV s

 

–1

 

) polarization
measurements in 5 M NaCl (pH 2) and 1.0 M 

 

H

 

2

 

SO

 

4

 

solutions. The EIS measurements in the same solutions
were carried out using sinusoidal voltage of the ampli-
tude of 10 mV, around the potentials of 1.10, 1.13 and
1.15 V (CER) or 1.15 and 1.25 V (OER). The experi-
ments were conducted at room temperature (

 

~25°ë

 

) in
a cell equipped with a Pt-mesh counter electrode and a
saturated calomel electrode (SCE) with working elec-
trode surface area of 1.2 cm

 

2

 

. All potentials are referred
to the SCE scale.

RESULTS AND DISCUSSION

Polarization curves for CER on prepared 

 

RuO

 

2

 

/Ti

 

anode with different coating masses are shown in
Fig. 1. Tafel slope close to 30 mV was registered, which
corresponds to the mechanism given by reactions (1) to
(3) in the region of relatively low overpotentials. The
slope is independent of the coating mass, while the
activity of the anode with a thicker coating is somewhat
higher at 1.00–1.05 and above 1.075 V. Since CER is an
extremely fast process (with high exchange current
density), the activity in CER is similar to that at low
overpotentials for different mass of active material.
This was also registered earlier [18], when freshly pre-
pared and deactivated (after prolonged electrolysis of
diluted chloride solution) 

 

Ti/RuO

 

2

 

–TiO

 

2

 

 anodes
showed similar activity in CER, despite considerable
decrease in active material concentration in deactivated
anode coating. According to the theory and model of
porous electrodes [19, 20], small difference in activity
at potentials above 1.075 V appears to be closely related
to the difference in morphology of coatings that are of
different thickness. Some SEM micrographs of pre-
pared anodes are shown in Fig. 2. Both thin and thick
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coating are of cracked-mud structure, while the islands
of thick coating (Fig. 2b) are of considerably more
compact surface than the islands of thin coating
(Fig. 2a). As the consequence of such surface appear-
ance, one should expect larger extent of narrow pores in
thick coating, although they are not seen in Fig. 2b.

Comparing the polarization characteristics given in
Fig. 1 to our earlier results, it follows that anodes pre-
pared by the alkoxide sol–gel procedure are more active
in CER and OER than those obtained from oxide sols
prepared by forced hydrolysis of metal chlorides [21,
22]. The current densities measured in CER for the
anodes prepared by the alkoxide sol–gel procedure are
about twice those for RuO

 

2

 

/Ti anodes prepared from
oxide sols synthesized by forced hydrolysis of 

 

RuCl

 

3

 

[22]. However, if current densities are normalized to
electrochemically active surface area [23] obtained by
cyclic voltammetry measurements, differently prepared
anodes show quite similar activity in CER. This means
that difference in measured polarization data is due to
the difference in real surface area and, consequently,
that 

 

RuO

 

2

 

 coatings prepared by different sol–gel proce-
dures are of similar physicochemical properties (crys-
talline state, lattice parameters, hydration degree), so
that the difference in activity can be ascribed to differ-
ent morphology.

Polarization curves for OER on prepared RuO

 

2

 

/Ti
anode with different coating masses are shown in
Fig. 3. The Tafel slope is close to 40 mV, which is a typ-
ical value for OER on this type of anodes. The anode
activity in OER is independent of the coating mass.

More detailed insight into the activity of prepared
anodes can be obtained from EIS measurements, espe-
cially in the case of CER. Figure 4 shows complex-
plane plots for prepared anodes, registered in 5 M NaCl
(pH 2) at a potential of 1.10 V. The plots indicate pro-
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 Tafel plots for RuO

 

2

 

/Ti anode, prepared by alkoxide
sol–gel procedure with different coating masses, registered
in 5 M NaCl (pH 2) at room temperature.
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Fig. 2. SEM micrographs of RuO2/Ti anodes prepared by
alkoxide sol–gel procedure with coating masses of (a) 0.61
and (b) 1.10 mg cm–2.
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Fig. 3. Tafel plots for RuO2/Ti anode, prepared by alkoxide
sol–gel procedure with different coating masses, registered
in 1.0 M H2SO4 at room temperature.
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nounced diffusion limitations for CER, since they are
almost linear, with a slope of 45°, which is an intrinsic
property of classic Warburg impedance. This means
that CER is controlled by chlorine diffusion away from
outer coating surface facing the electrolyte bulk. Con-
sequently, impedance values are quite similar for differ-
ent coating masses.

At potentials of 1.13 and 1.15 V, semicircles appear
at frequencies above 5.0 Hz (Fig. 5). Semicircle diam-
eters are similar for different coating masses, although
the semicircle for the thin coating (0.61 mg cm–2) at
1.15 V is considerably depressed. These impedance
characteristics indicate that this semicircle corresponds
to the charge transfer in fast adsorption step (1).

While high-frequency semicircle is followed by
semicircle-like dependencies at lower frequencies
(5.0 Hz–5.0 mHz) in the case of thick coating, the data
for the thin coating at low frequencies still show char-
acteristics of diffusion-limited process at 1.13 V
(Fig. 5a). This kind of diffusion characteristics com-
pletely disappears at 1.15 V for both thick and thin coat-
ing (Fig. 5b). A well-defined semicircle is seen at low
frequencies instead of diffusion-controlled plots, which
can be assigned to the charge transfer reaction pre-
sented by relation (2). Semicircle diameter is greater
for the thin coating.

Two indications, based on Fig. 5, need to be dis-
cussed further. The difference in EIS behavior at low
frequencies between the coatings of different thickness
indicates the influence of quasi-3D coating morphology
on chlorine diffusion process, since the kinetics of CER
is expected to be the same for different masses of coat-
ings consisting of the same material. Secondly, diffu-
sion characteristics at 1.10 V (Fig. 4) are not the same
as those at 1.13 and 1.15 V (Fig. 5), since the latter does

not behave as the classic Warburg impedance. This
indicates that the diffusion limitations are related to
CER’s taking place at the inner coating surface defined
by the coating’s pores.

Namely, according to the model for activated tita-
nium anodes in CER at high overpotentials [20], the
electrolyte can access porous structure more easily at
high overpotentials, when gas bubbles form intensively,
due to formation of so-called gas channels within
porous structure [20]. Mass transport can be thus
improved owing to the fluctuation and instant penetra-
tion of the electrolyte through gas channels, which
enhances mass transport similarly to the forced convec-
tion. The onset of this forced micro-convection is seen
in Fig. 5 as the appearance of a modified Warburg
impedance at low frequencies, which involves finite
diffusion through the coating pores instead of semi-infi-
nite one seen in Fig. 4. In addition, the model [20] pre-
dicts a decrease in the Tafel slope for CER (from 30 to
25 mV) with increasing overpotential due to enhanced
mass transport rate.

Since the thick-coating surface is of more compact
island surface than thin one (Fig. 2), it is more difficult
for evolved gas to leave the pores of thick coating. Con-
sequently, gas channels can form more easily in the
bulk of thick coating. The effect of mass transport
enhancement is thus seen at lower potential for thick
coating than for thin one (Fig. 4), while the impedance
for thick coating is considerably lower in the low-fre-
quency domain at the potential where the onset of
forced micro-convection is evident (Fig. 5).

Complex-plane plots and Bode module plots of EIS
data for RuO2/Ti anodes, with different coating masses,
in 1.0 M H2SO4 at 1.15 V, are shown in Fig. 6. The loops
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Fig. 4. Complex-plane plots for RuO2/Ti anode, prepared
by alkoxide sol–gel procedure with different coating
masses, registered in 5 M NaCl (pH 2) at 1.10 V.
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seen in Fig. 6a can be related to charge transfer. Charge
transfer resistances appear to be rather high (~1 kohm).
On the other hand, Bode plots (Fig. 6b) at low frequen-
cies approach linear dependences with the slope close
to –1, which indicates overall coating capacitive behav-
ior at the applied potential. Owing to high charge trans-
fer resistances and high electrostatic-charge storage
ability of RuO2 [5], a nonfaradaic charging current is
considerably higher than the faradaic one when f  0,
which causes capacitor-like EIS response seen in
Fig. 6b. Since the semicircle for the thick coating is
slightly smaller, it appears that the related anode is

more active in OER at the applied potential than the
anode with the thin coating.

The activity of prepared anodes in OER at 1.25 V is
given in Fig. 7 by means of EIS data. Charge transfer
resistance related to OER considerably decreases with
respect to the data for 1.15 V (Fig. 6a), while the corre-
sponding semicircles appear completely developed in
the frequency range where only loops are seen at
1.15 V. The semicircle diameters associated with the
charge transfer resistances are quite similar for differ-
ent coating masses, indicating coating mass-indepen-
dent activity in OER, as registered also by polarization
measurements (Fig. 3). The charge transfer resistances
related to semicircles in Fig. 7 are considerably lower
than for RuO2/Ti–TiO2 anodes prepared from oxide
inorganic colloidal dispersions, for which incompletely
developed semicircles were registered in the same elec-
trolyte and at the same potential [18].

Inspecting low-frequency impedance behavior in
Fig. 7, the imaginary component in the case of thin
coating almost vanishes at higher frequencies if com-
pared to the thick one. Due to larger extent of narrow
pores in thick coating, ac modulation has to be of lower
frequency to penetrate through thick coating.

CONCLUSIONS

An activated titanium anode, RuO2/Ti, was prepared
by an alkoxide sol–gel procedure. Polarization mea-
surements in chloride solution indicate that the anode
activity in the chlorine evolution reaction (CER) is
independent of the coating mass at overpotentials
reaching 100 mV. A difference in activity was regis-
tered by impedance measurements at overpotentials
higher than 100 mV. Diffusion limitations due to diffu-
sion of evolved chlorine away from the coating’s sur-
face are seen at lower potentials, but these features
diminish at higher potentials. This is due to mass trans-
fer enhancement caused by the formation of gas chan-
nels within the coating porous structure, which pro-
duces a forced micro-convection effect. This effect is
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Fig. 6. (a) Complex-plane plots and (b) Bode module plots
of EIS data for RuO2/Ti anodes, prepared by alkoxide sol–
gel procedure with different coating masses, registered in
1.0 M H2SO4 at 1.15 V.

1.5

1.0

0.5

0 1.0 2.0 3.0
ZRe, ohm

–ZIm, ohm

Coating mass
1.10 mg cm–2

0.61 mg cm–2

0.32 kHz

1.25 mHz

4 mHz
5 mHz

Fig. 7. Complex plane plots of EIS data for RuO2/Ti
anodes, prepared by alkoxide sol–gel procedure with differ-
ent coating masses, registered in 1.0 M H2SO4 at 1.25 V.



1060

RUSSIAN JOURNAL OF ELECTROCHEMISTRY      Vol. 42      No. 10      2006

PANI  et al.Ć

more pronounced in the case of anode of larger coating
mass, because it is of more compact surface than the
anode with smaller coating mass.

The anode activity in the oxygen evolution reaction
is independent of the coating mass, as proved by both
polarization and impedance measurements.

The prepared anode appears to be more active in
CER than the anode prepared from inorganic oxide col-
loidal dispersion, owing to the larger real surface area.
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ć

ć
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