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A device for the preparation of thick and uniform ®lms of ruthenium dioxide on titanium wires by
the spray pyrolysis technique has been developed. The details of the apparatus, as well as the
operation conditions, are described. The electrodes obtained were characterized by X-ray di�raction
analysis, scanning electron microscopy and cyclic voltammetry. Their electrocatalytic activity for
chlorine evolution were also evaluated, as well as their stability through an accelerated test of service
life.

Keywords: ruthenium dioxide ®lms, spray pyrolysis, chlorine evolution

1. Introduction

The preparation of electrodes covered with ®lms of
pure or mixed oxides is usually carried out by thermal
decomposition of thin layers of a precursor previ-
ously deposited on the substrate surface. This pre-
cursor is obtained by partial or total evaporation of
solutions containing the cation of the oxide to be
prepared or the corresponding cations in appropriate
ratio if the ®nal product is a mixed oxide. The pre-
cursor layers are deposited on the substrate by dif-
ferent techniques such as painting, brushing, dipping
etc. [1]. The resulting layer is dried at a moderate
temperature. This procedure is repeated several times
until the desired coating thickness is achieved. Sub-
sequent thermal treatment at temperatures between
300 and 600 °C is needed to decompose the precursor
in the corresponding oxide.

An alternative method, spray pyrolysis, consists in
the generation of droplets of the precursor solution
through an atomizer. These small drops are sprayed
on the surface to be covered. This surface must be
maintained at an adequate and constant temperature
to produce vaporization of the solvent and subse-
quent decomposition of the precursor. This tech-
nique, originally proposed by Chamberlin [2], was
applied for the preparation of ®lms of Fe2O3 [3],
CdO [4], Co3O4 [5], NiCo2O4 [5], SnO2±Sb2O5 [6],
SnO2 [7] and Cu1.4Mn1.6O4 [8]. Nevertheless, this
procedure was designed for application to plane
surfaces and therefore it cannot be used for the
preparation of oxide coatings on cylindrical elec-
trodes.

The aim of the present work is to develop an
alternative technique for the preparation of oxide
coatings on cylindrical electrodes by the spray pyro-

lysis technique. The proposed method was applied to
the preparation of ruthenium dioxide ®lms on tita-
nium wires, which were characterized later by di�er-
ent techniques. Their electrocatalytic behaviour for
chlorine evolution was also evaluated as well as their
stability through an accelerated test of service life.
Furthermore, several experiments were carried out in
order to obtain other types of oxide layer of interest
in electrocatalysis, using di�erent precursor solutions
and substrates.

2. Experimental details

2.1. Spray pyrolysis device

Figure 1 shows a simpli®ed scheme of the apparatus
developed for the application of the spray pyrolysis
technique. The oxide ®lm is obtained by the impact of
a ¯ow of small droplets of the precursor solution on a
rotating wire of the metal substrate, which is heated
by the ¯ow of an electric current. The droplets are
produced in a small chamber by a piezoelectric
vibratory atomizer (100MHz), located at the bottom
of the chamber and transported by air ¯ow. In the
conditions used, the rate of consumption of the pre-
cursor solution is 0.35 cm3 min)1. The resulting drops
have good uniformity, with a diameter ranging be-
tween 1.5 and 2 lm. The droplet size was determined
by sedimentation of the droplets onto a glass slide
covered with a ®lm of light oil and then measurement
with an optical microscope.

The droplets are directed towards the titanium
wire by a nozzle, emerging from it at a speed of
40 cm s)1. The uniformity of the oxide ®lm is achieved
by the continuous rotation of the substrate, at a
rotation rate of 4 rpm.
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2.2. Electrode preparation and characterization

The precursor solution used was prepared by dis-
solving RuCl3 in an aqueous solution of 6M HCl. The
concentration of Ru(III) was varied in the range 0.01
to 0.1M, being determined by u.v.±visible spectro-
photometric analysis [9]. The experiments described
in the present work correspond to a concentration of
0.024M RuCl3, except where otherwise stated. Pre-
cursor solutions were prepared using analytical grade
reagents and triply distilled water.

The substrate was a 99.7% pure titanium wire of
0.8mm diameter, which was subjected to pretreat-
ment consisting of mechanical polishing with emery
paper and chemical etching in hot 10% oxalic acid
solution for one hour. It was then rinsed with triply
distilled water, placed in the spray pyrolysis device
and heated by Joule e�ect at 2Wcm)1. The time of
application of the spray pyrolysis technique was
varied between 5 and 30min.

The characterization of the ruthenium dioxide ®lm
was carried out by optical microscopy (Nikon
Optiphot), scanning electron microscopy (Jeol JSM-
35C) and X-ray di�raction (Shimadzu XD-D1), using
CuKa radiation. Electrochemical characterization
was also carried out by cyclic voltammetry.

2.3. Electrochemical studies

Electrochemical measurements were carried out in a
conventional three-electrode, three compartment,
Pyrex glass cell. The counterelectrode was a platinum
wire of 10 cm2 geometric area. Applied potentials
were measured against a saturated calomel electrode.
Special attention was paid to the construction and
location of the Luggin±Haber tip so as to ensure
negligible ohmic drops. The working electrodes were

ruthenium dioxide coatings on titanium wires
obtained by the method described above. Electrolyte
solutions were made up using analytical grade
reagents and triply distilled water. All measurements
were carried out at 30�0.1 °C.

The solution used for the study of the electrocat-
alytic activity of the ruthenium dioxide electrodes for
chlorine evolution (ClER) was 3.0M NaCl, with pH
adjusted to 2.0 with HCl. The ClER evaluation
consisted mainly in the application of slow potent-
iodynamic sweeps (10)4 V s)1). The values of the
current density were calculated on the basis of the
geometric electrode area. Cyclic voltammetry was
carried out in the same solution at a sweep rate of
0.1V s)1.

The accelerated service life tests were done by the
method proposed by Loucka [10], in a 0.5M H2SO4

solution, applying a current density of 1A cm)2 to the
ruthenium dioxide electrode.

3. Results

3.1. Characterization of the dioxide ®lm

A layer with excellent covering properties was formed
as illustrated in the micrographs of Fig. 2. These
correspond to an electrode prepared with a 0.024M

RuCl3 solution and a time of application of 30min.
The resulting oxide ®lm is dark grey coloured, with a
slight blue tinge. Figure 2(a) and (b) shows the
morphology of this electrode at two di�erent mag-
ni®cations, respectively. A more compact and less
porous oxide layer was obtainable using higher con-
centrations of the precursor solution.

Oxide samples obtained by peeling o� the covering
layer were analysed by X-ray di�raction. Figure 3
shows the resulting di�raction pattern, where three

Fig. 1. Scheme of spray pyrolysis device. Key: (1) piezoelectric crystal, (2) water, (3) precursor solution, (4) air inlet, (5) nozzle, (6) wire
support rotating axis, (7) titanium wire, (8) electrical connections, (9) extraction system and (10) aerosol ¯ow.
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well de®ned peaks located at 2h � 28:0°, 34.9° and
54.0° are seen. These correspond to the crystallo-
graphic planes (1 1 0), (1 0 1) and (2 1 1), respec-
tively, which characterizes the rutile structure of the
®lm [11±14].

The potentiodynamic response of the electrodes
was evaluated in a 3.0M NaCl solution, pH 2.0, by
the application of cyclic voltammetry at a sweep of
0.1V s)1 at 30 °C. Figure 4 shows the resulting volt-
ammogram, which is coincident with that found in
the literature [12] for similar conditions.

3.2. Electrocatalytic activity for chlorine evolution

The electrocatalytic activity of oxide coated titanium
wires obtained under di�erent operation conditions
of the oxide growth process was evaluated for chlo-
rine evolution. Experiments were carried out in 3.0M

NaCl solution, pH2.0. The working electrode was
held potentiostatically at 1.2V during 30min to sat-
urate the solution with chlorine gas and then a slow
potentiodynamic sweep (10)4 V s)1) was applied
between 1.2 and 1.0V. The variation of the logarithm
of the experimental current density on the applied
potential (log i/E) shows the existence of one or two
pseudo Tafelian domains with Tafel slopes ranging
between 20 to 40mVdec)1, depending on the condi-
tions of the oxide layer formation. Figure 5 illustrates
the case corresponding to a concentration of the
precursor solution of 0.024M RuCl3 and a time of
spraying equal to 30min. Two Tafel regions can be
distinguished, with slopes of 39mVdec)1 for the low
overpotentials and 26mVdec)1 for the high overpo-
tentials, respectively.

3.3. Stability of the dioxide ®lm

The stability of the ruthenium dioxide coatings was
evaluated by the accelerated test proposed by Loucka

Fig. 2. SEM micrographs of a ruthenium dioxide coating. Precur-
sor solution 0.024M RuCl3; time of spraying 30min. Scale bars:
(a) 100lm; (b) 10lm.

Fig. 3. X ray di�raction pattern of ruthenium dioxide powder.
Precursor solution: 0.024M RuCl3.

Fig. 4. Potentiodynamic pro®le of ruthenium dioxide electrode.
NaCl 3M, pH2. Sweep rate 0.1V s)1. Preparation conditions: same
as Fig. 2.

Fig. 5. Tafel dependence of ruthenium dioxide electrode. NaCl 3M,
pH2. Preparation conditions: same as Fig. 2.
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[10]. It consisted in the application of a galvanostatic
pulse in a 0.5M H2SO4 solution and the evaluation of
the dependence of the electrode potential with time.
A typical potential vs. time response is illustrated in
Fig. 6, corresponding to an electrode obtained from a
precursor solution with a concentration of 0.079M

RuCl3 and a time of spraying of 4min. The time
corresponding to the loss of the electroactive material
is clearly determined by the sudden increase in the
electrode potential and it is often called time-to-
failure (s) [15]. A similar behaviour was obtained in
all the electrodes analysed.

The in¯uence of the time of oxide growth, de®ned
as the time of application of spray pyrolysis, on sta-
bility of the oxide ®lm was studied as well as that of
the concentration of the precursor solution. Figure 7
shows the dependence of the time-to-failure on the
time of spraying at two di�erent concentrations of
precursor solution, 0.014 and 0.079M RuCl3, res-
pectively. It can be noticed a marked in¯uence of the

composition of precursor solution, obtaining at the
higher concentration very stable ®lms at short times
of spraying. These results can be favourably com-
pared with those found by Loucka for titanium
electrodes covered by a RuO2 ®lm generated from
ethanol solutions of RuCl3 [10].

4. Discussion

Covering of conducting or insulating substrates by
adhesive oxides can be done by spray pyrolysis
technique using adequate precursor solutions and
appropriate decomposition temperatures. Neverthe-
less, the usual devices in this method are not directly
applicable for covering wires. In this case, as the
substrate area is much less than that of a plate, the
amount of precursor solution needed is at least an
order of magnitude less than in the usual systems of
spraying ¯at surfaces through nozzles. Furthermore,
the relative displacement of substrate with respect to
nozzle should be di�erent to ensure uniformity of the
surface covering. The ®rst aspect has been solved
substituting the conventional nozzles by a fog
chamber. The haze of the precursor solution is ob-
tained by the action of a piezoelectric crystal, which
transmits to the solution a vibrational movement of
high frequency, generating droplets with high uni-
formity in size, which are conducted towards the
substrate by a controlled air ¯ow.

The second aspect, related to a homogeneous dis-
tribution of the oxide layer on the wire surface, has
been reached by rotation of the substrate, which is
heated by the passage of an electric current. It should
be noticed that on its trajectory towards the substrate
wire, the droplet passes through a pro®le of raising
temperature due to the dissipation of heat originated
in the Joule e�ect to the surroundings. The aerosol
drop undergoes a solvent evaporation process during
this displacement, being possible also the occurrence
of an incipient decomposition of precursor. On stea-
dy state, the endothermic dehydration process and
the exothermic precursor decomposition [16] de®ne
the pro®le of temperature around the wire. This
pro®le, and consequently the characteristics of the
oxide layer, depends on operation conditions (electric
power, ¯ow rate, concentration etc.). All these vari-
ables were optimized in order to produce a ruthenium
oxide ®lm with a rutile structure, as it was con®rmed
by the X-ray di�raction pattern as well as the
potentiodynamic response. Furthermore, scanning
electron micrographs show that the oxide layer can
have a compact or reticulated structure, depending
on preparation conditions. The last one implies a
high value of the roughness factor, a characteristic
largely appreciated in the development of electro-
catalysts. This fact can justify the low values obtained
for Tafel slopes, suggesting the Cl2 removal as the
rate-determining step [17].

Another aspect to be taken into account is that
during the growth process the whole ®lm does not
necessarily reach a crystalline structure, so the ap-

Fig. 6. Potential against time dependence of ruthenium dioxide
electrode on the accelerated life test. 0.5 M H2SO4. Current density
1A cm)2. Precursor solution 0.079M RuCl3; spraying time 4min.

Fig. 7. Time-to-failure against time of spraying relationship of
ruthenium dioxide electrode obtained by the accelerated life test.
Precursor solution: (d) 0.079M RuCl3; (j) 0.014M RuCl3.

1326 J. L. FERNAÂ NDEZ ET AL.



plication of a subsequent thermal treatment should
be useful. This can be done by passing an electric
current through the wire electrode or by annealing it
in a furnace at appropriate temperatures and times.

Finally, it should be mentioned that Co3O4 ®lms
on nickel and stainless steel wires were also obtained
by this technique. The oxide layers have shown in this
case the spinel structure with characteristics and
properties similar to those obtained by other tech-
niques [18, 19].

It can be concluded that the modi®cation of the
spray pyrolysis technique described in the present
work allows to prepare cylindrical electrodes covered
with an oxide layer in a rather simple and fast manner.
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