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Abstract

DSA� type electrodes of ruthenium–manganese mixed oxides (30 O at % Ru < 100) supported on titanium were
prepared by the spray-pyrolysis technique, using Ru(NO)(OH)x(NO3)3�x and Mn(NO3)2 as precursors. Electrodes
were characterized by SEM, XRD and cyclic voltammetry. Their behaviour as anode for the chlorine and oxygen
evolution reactions was also evaluated by polarization curves. The stability of the mixed oxides was determined
through accelerated tests of service life. It has been verified that the best performance on the apparent
electrocatalytic activity of both reactions as well as on stability is achieved at a composition of about 70% Ru.

1. Introduction

Ruthenium dioxide is the main component of DSA�

electrodes, extensively used as anodes in several elect-
rochemical industrial processes [1], especially in chlor-
alkali cells [2]. These supported materials contain Ru(IV)
partially substituted by other cations which form oxides
that are isomorphous with RuO2, mainly Ti(IV), Ir(IV)
and Sn(IV), in order to improve the stability and
selectivity of the electrodes [3, 4].
Among these cations, several authors [5–11] have

considered that Mn(IV) is appropriate to partially
substitute Ru(IV) in the oxide. In their studies they used
mostly mixtures of RuCl3 and Mn(NO3)2 as precursors
of the oxides, preparing the supported layers by the
dipping technique. These electrodes were evaluated for
processes like oxygen (OER) [5–7] and chlorine (ClER)
[7–9] electrode reactions, as well as chlorate production
from chloride [10]. With the exception of the work by
Iwakura et al., who made a preliminary structural
analysis of the films [11], these studies do not contain
any reference to the chemical nature or the morpholog-
ical characteristics of the electroactive material. Never-
theless, it is believed [7, 11] that the main reason for the
favourable effect of the manganese addition into the
ruthenium oxide is the formation of a solid solution
between both cations. This would take place because the
decomposition products of RuCl3 and Mn(NO3)2 at the
preparation temperature (450 �C) are RuO2 and b-
MnO2, respectively, which are isomorphic and have
similar cell dimensions [4]. However, the use of RuCl3 as
precursor could be inappropriate, since the decomposi-

tion of Mn(II) in the presence of chloride ions could lead
to a mixture of different oxides [12, 13], inhibiting the
desired substitution.
The present work deals with the preparation of mixed

oxides of ruthenium and manganese supported on
titanium by the spray-pyrolysis technique. Special em-
phasis was put in obtaining a solid solution as the main
electroactive material, so that the respective nitrates
were used as starting precursors. It was also intended to
obtain structurally and morphologically well-character-
ized films. This study was oriented to the evaluation of
the behaviour of these electrodes as anodes at high
overpotentials, such as those needed for the OER and
ClER reactions. The characterization was carried out by
the analysis of the polarization curves for a wide range
of overpotentials, cyclic voltammetry and accelerated
service life tests.

2. Experimental details

2.1. Preparation of the electrodes

Ruthenium and manganese mixed oxides supported on
titanium were prepared through a variation of the spray-
pyrolysis technique previously developed [14]. Precursor
solutions with 0.1 O fRu O 1, being fRu the ruthenium
atomic fraction in the precursor, were prepared mixing
appropriate volumes of solutions of Ru(NO)(OH)x
(NO3)3�x (Aldrich) and Mn(NO3)2 (Merck) in 0.1 M

HNO3, in order to obtain a 0.16 M cationic concentra-
tion solution. The substrates were titanium wires 99.7%
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(Aldrich) of 0.8 mm diameter and 4 cm length. They
were subjected to a mechanical polishing with emery
paper and a chemical etching with a HNO3–HF–H2O
1:1:10 solution during 5 s. They were then rinsed with
triply distilled water and dried at 50 �C. Each substrate
wire was located in the spray-pyrolysis device and
heated by the Joule effect at 2 W cm�1. The droplets of
the precursor solution were generated through an
ultrasonic atomizer and transported to the substrate
surface by airflow at a rate of 40 cm s�1. The spray-
pyrolysis was applied for 4 min. To ensure complete
decomposition, as well as uniformity in the film con-
centration, a thermal treatment was applied at 370 �C
for 48 h.
Taking into account that b-MnO2 could be segregated

during the formation of the mixed oxide of Ru and Mn
and that it is unstable in acidic NaCl solutions [15],
electrodes were immersed in a 6 M HCl solution for 48 h
to eliminate this phase. It should be taken into account
that these electrodes, named Ti/RuxMn1�xO2, are dif-
ferent from those described in the literature [5–11], as
they were prepared starting from the nitrate salts as
precursors and the final chemical treatment produces a
film with different structural and morphological prop-
erties.

2.2. Structural and morphological characterization
of the electrodes

The morphological characterization of the oxide elec-
trodes was carried out by scanning electron microscopy
on a Jeol JSM-35C microscope, while the structural
analysis was made by X-ray diffraction of the powder
obtained by peeling off the films, using a powder
diffractometer Shimadzu XD-D1 with CuKa radiation.

2.3. Electrochemical characterization

Electrochemical measurements were carried out in a
conventional three-electrode Pyrex glass cell. Rux-
Mn1�xO2 films supported on titanium prepared as
described in the previous section were used as working
electrodes, while a platinum wire of large area was used
as counterelectrode. Electrolytic solutions were prepared
using analytical grade reagents and triply distilled water.
All runs were carried out at 30 ± 0.1 �C.
Voltammetric experiments were run in NaCl – HCl

(CC1� ¼ 4 M, pH 1.1) and also in 0.5 M H2SO4, using a
potentiostat/galvanostat Radiometer PGP201 moni-
tored by the software VoltaLabTM 21. The reference
electrode used was saturated calomel (SCE).

Fig. 1. SEM micrographs of a Ru–Mn mixed oxide electrode (fRu ¼ 0.4) prepared by spray-pyrolysis. (a and c) before; (b and d) after etching in

HCl. Magnification: 9400 · (a and b), 40 000 · (c and d).

514



The apparent electrocatalytic activity of the elec-
trodes, relative to the geometric area, for the ClER was
evaluated in NaCl – HCl (CC1� ¼ 4 M) solutions,
saturated with chlorine (1 atm) at different pH values.
Polarization curves were obtained through the applica-
tion of slow potentiodynamic sweeps (10�4 V s�1)
starting from 1.24 V vs SCE and up to 1.04 V.
The behaviour of the Ti/RuxMn1�xO2 electrodes for

the OER was also studied in 0.5 M H2SO4 solution
saturated with oxygen (1 atm), through polarization
curves obtained in the same way as those for the ClER,
from 1.39 V and up to 1.08 V vs SCE.
The electrochemical stability of these electrodes was

also determined through accelerated service life tests in
0.5 M H2SO4 at an apparent current density of
1 A cm�2 [16].

3. Results

3.1. Characterization of the mixed oxides films

The morphology of the mixed oxides films prepared by
spray-pyrolysis is similar to that corresponding to a
RuO2 film obtained by the same technique from RuCl3
solutions [14]. Oxide films with very good covering
properties were obtained in the whole range of manga-
nese compositions. However, those corresponding to
low ruthenium contents (fRu O 0.5) are strongly dam-
aged by chemical etching in HCl, because in this case the
amount of b-MnO2 is important. The effect of such
etching on the micro morphology of the oxide layers can
be observed in the micrographs of Figure 1.
X-ray diffraction spectra of some of the obtained

mixed oxides are shown in Figure 2 as prepared and in
Figure 3 after the chemical etching. Peaks corresponding
to the rutile phase of the mixed oxide RuxMn1�xO2 are
observed in both cases, located at angle values interme-
diate to those of pure RuO2 and b-MnO2 [17, 18]. The
signals corresponding to b-MnO2 can be appreciated
when fRu < 0.7 only on the spectra of the nontreated
oxides. This evidence demonstrates the effectiveness of

the dissolution carried out during the etching process.
No peaks could be attributed to a-Mn2O3, coming from
the decomposition of b-MnO2 [19], as well as those
corresponding to phases containing titanium from the
substrate.
The potentiodynamic responses are illustrated in

Figures 4 and 5, corresponding to NaCl and H2SO4

solutions, respectively. They are different from that of
RuO2 electrodes [20–22]. The main difference is the
enhancement of the process that takes place at �0.4 V
vs SCE, being more evident when 0.6 O fRu O 0.8.
There is also a marked difference in the cathodic region
of the voltammograms when fRu is changed from 0.7 to
0.6, with a decrease in the voltammetric charge as the
ruthenium content decreases.

Fig. 2. XRD spectra of Ru–Mn mixed oxides prepared by thermal

decomposition at 370 �C. fRu: 0.9 (a), 0.7 (b), 0.5 (c), 0.3 (d). Points:

main diffraction peaks of RuxMn1�xO2 (d) and b-MnO2 (h).

Fig. 3. XRD spectra of Ru–Mn mixed oxide films prepared by spray-

pyrolysis, etched in HCl. fRu: 0.9 (a), 0.7 (b), 0.5 (c), 0.3 (d). Points:

diffraction peaks of RuxMn1�xO2 (d).

Fig. 4. Voltammograms of Ti/RuxMn1�xO2 electrodes. fRu: 1 (a), 0.9

(b), 0.8 (c), 0.7 (d), 0.6 (e), 0.5 (f), 0.4 (g), 0.3 (h). Electrolyte solution:

NaCl–HCl, CC1� ¼ 4 M, pH 1.2. T ¼ 30 �C. Sweep rate 0.1 V s�1.

Reference electrode: SCE.

515



3.2. Apparent electrocatalytic activity for the ClER

The rest potential of the Ti/RuxMn1�xO2 electrodes in
NaCl–HCl solutions saturated with chlorine gas reaches
a steady state value very rapidly, corresponding to
the equilibrium potential of the chlorine electrode
reaction.

The polarization curves obtained in this solution are
shown in Figure 6. They were determined at three
different pH values, which were measured after satura-
tion with chlorine. A set of results (Figure 6(a)) corre-
sponds to pH 2.1, where the hydrolysis of chlorine to
hypochlorite is significant [23] and the oxygen evolution
can be an important secondary reaction [24, 25], as well
as the corrosion of RuO2 to RuO4(g) at high overpoten-
tials [26, 27]. Figure 6(b) illustrates the polarization
curves corresponding to pH 1.0, where the ClER is the
main electrode reaction [25]. Finally, those correspond-
ing to pH 0.1 are shown in Figure 6(c), where the acidity
of the solution produces oxidation of the ruthenium
oxide to soluble species [26].
The values of the apparent current density jap at

different potentials were obtained from the polarization
curves of Figure 6 for each of the electrodes with
different oxide composition. These values were plotted
against fRu and the corresponding dependences are
shown in Figure 7. For the range of compositions
between pure RuO2 and fRu ’ 0.8, an increase in the jap

values are observed for the more acidic solutions. jap

then decreases as the amount of manganese in the mixed
oxide increases. This behaviour is not observed in the
solution of pH 2.1, where the jap values of the mixed
oxide are always less than those corresponding to RuO2.

3.3. Apparent electrocatalytic activity for the OER

The polarization curves obtained for the Ti/
RuxMn1�xO2 electrodes in 0.5 M H2SO4 solution satu-
rated with oxygen gas are illustrated in Figure 8. The
polarization curves corresponding to the ClER in NaCl

Fig. 5. Voltammograms of Ti/RuxMn1�xO2 electrodes. fRu: 1 (a), 0.9

(b), 0.8 (c), 0.7 (d), 0.6 (e), 0.5 (f), 0.4 (g), 0.3 (h). Electrolyte solution:

H2SO4 0.5 M. T ¼ 30 �C. Sweep rate ¼ 0.1 V s�1. Reference electrode:

SCE.

Fig. 6. Polarization curves of Ti/RuxMn1�xO2 electrodes. fRu: 1 (j); 0.9 (h); 0.8 (r); 0.7 (m); 0.6 (n); 0.5 (e); 0.4 (d); 0.3 (s). Electrolyte

solution: NaCl–HCl saturated with chlorine (1 atm), CC1� ¼ 4 M, pH 2.1 (a), 1.0 (b), 0.1 (c). T ¼ 30 �C. Reference electrode: SCE.
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and pH 0.1 are also included in Figure 8 for the sake of
comparison. It can be clearly appreciated that the
currents for the OER are more than two orders of
magnitude less than those corresponding to the ClER at
the same overpotential values, which is in agreement
with previous reports [24, 25].
The values of jap at certain potentials were obtained

for each electrode in the same way as for the ClER. The
corresponding dependences jap vs fRu are illustrated in
Figure 9. jap values increase with increase in the man-
ganese content in the more acidic solutions, in agree-
ment with previous results [10]. However, in this case jap

passes through a maximum at fRu ’ 0.7 and then
decreases up to a value slightly less than that obtained
on RuO2.

3.4. Stability

Ti/RuxMn1�xO2 electrodes were subjected to an appar-
ent current density of 1 A cm�2 in 0.5 M H2SO4 solution
in order to analyse their stability. The potential against
time dependences are shown in Figure 10. From these
transient plots and following the procedure described by
Loučka [16], the corresponding time-to-failure ðsÞ was
obtained; these are illustrated as a function of fRu in
Figure 11.
The values of s obtained in electrodes prepared in an

identical way but without etching in HCl are also
included in Figure 11. It can be observed that for
fRu P 0.7 there is no difference between the behaviour
of both treated and un-treated electrodes. However, for
fRu < 0.7, the process of dissolution of b-MnO2 pro-
duces a marked decrease in the time-to-failure of the
electrodes.

4. Discussion

It has been considered that the study of DSA�-type
electrodes based in mixed oxides of ruthenium and

Fig. 7. Dependences jap vs fRu obtained on Ti/RuxMn1�xO2 electro-

des. Electrolyte solution: NaCl–HCl saturated with chlorine (1 atm),

CC1�¼ 4 M, pH 2.1 (r), 1.0 (d), 0.1 (j). E vs SCE: 1.13 V.

Fig. 8. Polarization curves of Ti/RuxMn1�xO2 electrodes. fRu: 1 (j);

0.9 (h); 0.8 (r); 0.7 (m); 0.6 (n); 0.5 (e); 0.4 (d); 0.3 (s). Electrolyte

solution: H2SO4 0.5 M saturated with oxygen (1 atm). T ¼ 30 �C.
Reference electrode: SCE. Polarization curves of Fig. 6(c) are included

as comparison.

Fig. 9. Dependences jap vs fRu obtained on Ti/RuxMn1�xO2 elec-

trodes. Electrolyte solution: H2SO4 0.5 M saturated with oxygen

(1 atm). E vs SCE: 1.14 V (j), 1.29 V (d).

Fig. 10. Dependences potential against time obtained on

Ti/RuxMn1�xO2 electrodes during the accelerated tests of service life.

fRu: 1 (a), 0.9 (b); 0.8 (c); 0.7 (d), 0.6 (e). H2SO4 0.5 M,T¼ 25 �C, jap¼ 1

A cm�2. Reference electrode: SCE.
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manganese should be of interest due to their potential
use as anodes in several electrochemical processes such
as the chlorine and oxygen evolution reactions.
Electrodes were prepared by a modification of the

spray-pyrolysis technique, developed previously for
obtaining cylindrical electrodes of Ti/RuO2, from the
thermal decomposition of RuCl3 solutions [14]. There-
fore, the different variables that influence the prepara-
tion of these mixed oxides by thermal decomposition of
the precursor solution containing both cations were
optimised. On the basis of a previous study of the
decomposition process of different ruthenium salts
mixed with Mn(NO3)2, the convenience of the use of
ruthenium nitrate was determined. Therefore, the mixed
precursor used consisted of a mixture of Ru(NO)-
(OH)x(NO3)3�x and Mn(NO3)2 in dilute HNO3.
The characterization of the oxide films by X-ray

diffraction indicates that they consisted of the same
material obtained as a powder through a process of
drying and decomposition of the precursor solutions at
370 �C. The main component is a mixed oxide with a
rutile structure of a stoichiometry RuxMn1�xO2, with
0.6 < x < 1 [13]. The b-MnO2, which is present when
fRu < 0.7, can be eliminated by etching in a concen-
trated HCl solution [15]. Therefore, this treatment was
applied to the electrodes in order to have the mixed
oxide as the unique component of the films. The
complete removal of b-MnO2 from the film was
achieved, yet at lower compositions of ruthenium.
The SEM observations at high magnification (Fig-

ure 1) indicates that the selective dissolution of the
b-MnO2 phase reveals superficially mixed oxide crystal-
lites, with sizes less than 100 nm, producing a remark-
able increase in the micro roughness of the film. It
should be noticed that the mechanical resistance of the
oxide films is good, but the chemical etching reduces this
property in the electrodes with high manganese content,
producing complete detachment of the film when

fRu < 0.3. It is also important to mention that this
treatment was made in order to obtain a purer material,
so as to ensure that RuxMn1�xO2 is mainly responsible
for the observed electrochemical response. Dissolution
in the electrolyte solutions is also avoided, particularly
in those containing chloride ions.
The voltammetric responses of the Ti/RuxMn1�xO2

electrodes in both NaCl and H2SO4 solutions show
slight differences with respect to those of the Ti/RuO2

electrodes, which should reveal interactions between
manganese and ruthenium inside the rutile lattice. The
voltammograms recorded in sulfuric acid solution show
some differences compared to those reported by Visva-
nathan et al. [6] obtained on mixed oxide electrodes
prepared from ruthenium chloride and manganese
nitrate, which indicates the different nature of the films
under comparison. Well-defined reversible peaks are
observed in these voltammograms between �0:4 and
0.4 V vs SCE, whereas in the Ti/RuxMn1�xO2 response
there is a unique peak in this potential region.
For the chlorine evolution reaction, high values of the

apparent current density (up to 0.8 A cm�2) were
registered at relatively low overpotentials (gO 0:15 V).
This value is in the range of the higher values usually
published (from 0.1 to 1 A cm�2) for electrodes based
on RuO2 and prepared through thermal decomposition
[27–32]. The adverse effect of the increase in acidity is
also evident, especially at low overpotentials, as previ-
ously reported [30].
The polarization curves corresponding to the ClER

are characterized by the absence of a clear Tafelian
region. However, a pseudo-Tafelian domain [33] with a
slope of �40 mV dec�1 can be identified in the curves
recorded at lower pH, similar to those reported for
RuO2 and RuO2–TiO2 electrodes in the same media [30–
32]. From the comparison of the responses of all the Ti/
RuxMn1�xO2 electrodes, a group characterized by a fRu
between 0.7 and 1.0 is evident. These electrodes have
greater activity than the others over most of the
potential range. It was determined from the observation
of the dependences jap vs fRu at different potential values
that the apparent electrocatalytic activity in the more
acidic solutions increases with the manganese content,
passing through a maximum at fRu ’ 0.7–0.8 and then
decreasing with further addition of this cation. This
tendency is not fulfilled for the less acidic solution,
where the influence of the secondary reactions is
important, and therefore a decrease in jap is verified
when manganese composition increases. Interesting
features have been found in the behaviour of the Ti/
RuxMn1�xO2 electrodes for the OER. The response of
the Ti/RuO2 electrode is similar to that previously
reported [34–36], while the electrodes with fRu P 0.7 are
significantly more active than that without manganese.
The polarization curves have only one pseudo-Tafelian
region with a slope of �40 mV dec�1. These results
emphasise the positive effect of the addition of manga-
nese to the rutile-type oxide when it is used as anode.
For the electrodes with greater manganese content

Fig. 11. Time-to-failure (s) vs fRu. Ti/RuxMn1�xO2 electrodes (d).

Ru–Mn mixed oxides without etching in HCl (s).
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(fRu < 0.7), a marked decrease in the electrocatalytic
activity was found. In this case the polarization curves
show pseudo-Tafelian regions with slopes ranging be-
tween 60 and 80 mV dec�1.
From accelerated life tests carried out on the

Ti/RuxMn1�xO2 electrodes, it has been determined that
the stability increases with the amount of manganese in
the oxide. The time-to-failure increases almost five times
with respect to that of the Ti/RuO2 electrode. The main
cause of this behaviour, as with those of ruthenium
dioxide electrodes partially substituted by titanium [37],
iridium [38] and tin [11, 28, 39], is the greater resistance
of these materials to the anodic oxidation/dissolution.
When the electrodes are etched in HCl before use, the
stability reaches a maximum at a composition of
approximately 30% manganese. For greater composi-
tions (fRu < 0.7), stability decreases sharply. Neverthe-
less, this behaviour does not occur for electrodes not
etched in HCl. In this case the increase in stability
continues up to 60% manganese, which is in agreement
with previous results [6, 11]. Therefore, the loss of
stability at lower manganese contents is likely due to a
decrease in the mechanical resistance of the mixed oxide
films, originating in the selective dissolution of one of
the phases during etching.
A complete analysis of the results obtained in the

present work demonstrates that there is a breaking point
in the behaviour of the mixed oxide electrodes when the
ruthenium atomic fraction in the precursor solution is
below 0.7. There are differences in the voltammetric
responses and also in the polarization curves. The
increases in the electrocatalytic activity and stability are
also interrupted when fRu < 0.7.
On the basis of structural knowledge of these oxides,

it can be asserted that for manganese contents greater
than 30%, a separate b-MnO2 phase is formed. When
this phase is dissolved by etching in HCl weakness in the
film is produced, which increases with b-MnO2 content,
the bare substrate being exposed in certain regions of the
electrode surface. The mechanical stability of the film
decreases sharply as does the time-to-failure of the
electrode. Furthermore, the existence of titanium oxide
in the electrode surface produces a decrease in apparent
electrocatalytic activity, modifying both steady and
dynamic current vs. potential responses. On the other
hand, chemical etching does not affect electrodes with
fRu P 0.7, as in this case the amount of b-MnO2 is
negligible.

5. Conclusions

The results suggest that manganese is an appropriate
additive for electrodes based in RuO2. When the films
are prepared by thermal decomposition of the corre-
sponding nitrates of both cations, a solid solution of
rutile structure of stoichiometry RuxMn1�xO2 is ob-
tained, which has a good performance as anode for
reactions such as ClER and OER. Thus, an increase in

the apparent electrocatalytic activity for both reactions,
as well as in the anodic stability, is obtained when
0.7 O x O 0.9. Below this composition, manganese
forms a separate b-MnO2 phase, which, in spite of
being eliminated by chemical etching, produces a
deterioration of the electrode properties.
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Busse-Macukas, Élektrokhimiya 25 (1989) 1094.

519



26. A.A. Uzbekov and V.S. Klement’eva, Élektrokhimiya 21 (1985)
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miya 20 (1984) 1183.

31. L.I. Krishtalik, Electrochim. Acta 26 (1981) 329.

32. D.A. Denton, J.A. Harrison and R.I. Knowles, Electrochim. Acta

24 (1979) 521.

33. M.R. Gennero de Chialvo and A.C. Chialvo, Electrochim. Acta 44

(1998) 841.

34. L.D. Burke, O.J. Murphy, J.F. O’Neill and S. Venkatesan,

J. Chem. Soc. Faraday Trans. I 73 (1977) 1659.

35. F.I. Mattos-Costa, P. de Lima-Neto, S.A.S. Machado and L.A.

Avaca, Electrochim. Acta 44 (1998) 1515.

36. K.W. Kim, E.H. Lee, J.S. Kim, K.H. Shin and K.H. Kim,

Electrochim. Acta 46 (2001) 915.

37. Ch. Comninellis and G.P. Vercesi, J. Appl. Electrochem. 21 (1991)

335.

38. L.A. da Silva, V.A. Alves, M.A.P. da Silva, S. Trasatti and J.F.C.

Boodts, Electrochim. Acta 42 (1997) 271.

39. A.I. Onuchukwu and S. Trasatti, J. Appl. Electrochem. 21 (1991)

858.

520


