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A kinetic study of the electroformation and electroreduction of oxygen in KOH solutions has been
carried out on a LaNiO3 electrode obtained through a malic acid precursor route. The new elec-
trocatalyst was found to show greatly enhanced activity for both oxygen evolution and reduction.
The apparent electrocatalytic activity of this electrode for oxygen reduction was more than 10 times
higher than those reported for similar electrodes obtained by other methods. It was, however,
observed to be less active electrocatalytically for oxygen evolution as compared to the active LaNiO3

electrode obtained by the Bockris±Otagawa coprecipitation method. The electrochemical reaction
order with respect to OH) concentration was found to be approximately 1 in the case of oxygen
evolution while that for oxygen reduction, was approximately )1. The Tafel slope values for the
reactions were �2.3 RT/F and �2 ´ 2.3 RT/3F, respectively.
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1. Introduction

The electrochemical evolution and reduction of oxy-
gen are of considerable interest [1±3] owing to their
use in many electrochemical devices such as second-
ary metal±air batteries, water electrolysis, chloralkali
cells, fuel cells, electrosynthesis and metal electro-
winning. The oxygen electrode reaction is, however,
known to have high activation overvoltage in aque-
ous solutions [2] resulting in substantial energy losses.
To decrease this activation overvoltage, numerous
electrocatalysts have been investigated and exten-
sively reviewed [1±3]. Among these, transition metal
mixed oxides, particularly cobalt cobaltite, Co3O4, of
spinel structure, and binary mixed oxides of La with
Ni or Co, of perovskite structure, have been consid-
ered most promising and have been intensively
studied [4±17]. Of perovskite type oxides, LaNiO3 is
of particular interest since it is a metallic conductor
(q � 9� 10ÿ3 X cm) at room temperature [18] and
can be used as a bifunctional oxygen electrode [19].

In earlier investigations, LaNiO3 was synthesized
by a conventional ceramic method or decomposition
of solid metal salts, mainly, nitrates [11,12]. These
methods required high temperatures and produced
oxide powders with small surface area. In recent
years, LaNiO3 prepared by other methods, namely,
hydroxide solid solution precursor (HSS) [14], spray
pyrolysis (SP) [20] and sequential solution coating
(SSC) [20, 21] have also been used in the study of the

electrocatalysis of oxygen evolution. The latter
methods were found to improve the apparent elec-
trocatalytic activity of the catalyst considerably.

Recently, we have synthesized LaNiO3 (LN) via a
modi®ed sol±gel process [22] using malic acid (MA)
and propionic acid (PA) as complexing agents and
investigated its physico-chemical and interfacial
electrochemical properties in relation to oxygen evo-
lution in 1 M KOH. Both the new methods yielded
pure LaNiO3 in a hexagonal rhombohedral structure
with greatly enhanced speci®c surface area (MA:
17 m2 g)1; PA: 20 m2 g)1). The electrocatalytic
activity of the catalyst obtained by the former
method was higher than that obtained by the latter
method. Also, the malic acid method proved to be
more advantageous than the propionic acid method,
because it produced the pure perovskite phase at a
relatively low temperature, 600 °C. We have, there-
fore, investigated the active LaNiO3 electrode pre-
pared by MA for electrocatalysis of evolution and
reduction of oxygen in KOH solutions, the results of
which are presented in this paper. Similar studies
were not carried out in [22].

2. Experimental details

LaNiO3 was prepared by the malic acid-aided process
(MA) as described elsewhere [22]. 35 mmol of each of
La(NO3)3.6H2O and Ni(NO3)2.6H2O and 105 mmol
of malic acid were dissolved in redistilled water and
the volume of solution was made up to 1 dm3. The
pH of the solution was adjusted at 2.5 using 20%* Address for correspondence.
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ammonia. This solution was then evaporated to
dryness at 110 °C and ®nally calcined in an electrical
furnace at 650 °C for 6 h to obtain the desired oxide.

The oxide powders were transformed to pellet
form at 5 ton cm)2 pressure, and annealed at 550 °C
for 6 h and dipped in 1% polystyrene solution in
dichloromethane and then dried at 100 °C [23]. The
latter process (dipping and drying) was repeated
several times to make the pellet hydrophobic. Finally,
one face of the pellet was polished with #1200 emery
paper for electrochemical investigations and the other
was used for electrical contacts.

Electrochemical studies were carried out at 25 °C
in a three electrode conventional Pyrex glass cell
having provision for introducing a gas. The steady
state E-log i relationships were obtained with a Ta-
cussel potentiostat (type PRT20-2X) and a Minisis
6000 voltmeter (Tacussel). A bright Pt-coil was used
as auxiliary electrode. The potential of the test elec-
trode was monitored against a commercial (Tacussel)
Hg/HgO/1 M KOH reference electrode.

The electrode kinetic parameters, such as Tafel
slope and electrochemical reaction order were deter-
mined by carrying out polarization studies under
potentiostatic conditions. In the case of O2 evolution,
the oxide electrode was polarized at a higher anodic
potential for 10 min and then the potential of the test
electrode was decreased in 20 mV steps in the
cathodic direction and the corresponding steady
value of the current was noted. The time taken for
current stabilization was observed to vary with
applied potential; it was normally 5±10 min at low
overpotentials and 3±4 min at high overpotentials.

In the oxygen reduction study in di�erent KOH
solutions, pure O2 was vigorously bubbled into the
electrolyte for 40 min before starting the cathodic
polarization and was passed over the electrolyte
surface during the experiment. Further, during E/i
measurements the test electrode was vibrated at a
frequency of 50 Hz by attaching the electrode holder
to the diaphragm of a radio speaker [24]. The e�ect of
oxygen partial pressure was also examined in

1 M KOH employing pure oxygen and an oxygen
with nitrogen mixture containing 22% oxygen by
volume. In this experiment the dissolved oxygen from
the electrolyte was ®rst removed by bubbling argon
gas into it. After 30 min Ar was replaced by the
working gas (O2 or 22 vol % O2) which was bubbled
through the solution near the test electrode at a
constant pressure (1 bar). After 15 min, the steady
state cathodic polarization was measured maintain-
ing the condition of the gas bubbling throughout the
experiment; the test electrode was kept stationary
during the measurements.

3. Results

The iR-corrected steady-state polarization curves for
oxygen evolution on a polystyrene-impregnated
LaNiO3 electrode at di�erent KOH concentrations
(0.25±3 M) are shown in Fig. 1. The current density is
based on the geometrical surface area of the elec-
trode. The resistance of the electrode plus the elec-
trolyte (R) was found to be approximately 1 W. The
Tafel slope values (b) lay between 60 and 68 mV
decade)1 at low potentials (E < 650 mV). The order
for oxygen evolution with respect to OH) ion con-
centration (p), determined from the slope of the plot,
log i against log[OH)] (Fig. 2) was found to be
approximately unity. These results are summarized
in Table 1.

Figure 3 shows the steady state cathodic Tafel
polarization curves for oxygen reduction in di�erent
pre-electrolysed KOH solutions (0.2±1 M). Owing to
the observed low reduction current density, the
cathodic Tafel curves were not corrected for ohmic
contributions. At low potentials (E < 100 mV), the
value of b for each cathodic Tafel curve was close to
40 mV decade)1 and the reaction order in [OH)] was
approximately )1. The latter was determined from
the slope of the linear plot, log i against log[OH)]
(Fig. 4). The reaction order with regard to oxygen
partial pressure was found to be 0.9 and �0.5 at low
and high overpotentials, respectively. The order

Fig. 1. Tafel plots for oxygen evolution on polystyrene-impregnated LaNiO3 electrode at various KOH concentrations (25 °C): (s) 0.25,
(´) 0.5, (n) 1 and (h) 3 M.
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[ p � �D log i=D log pO2
� at constant potential was

estimated from the data shown in Fig. 5.

4. Discussion

It is observed that values of the electrode kinetic
parameters for oxygen evolution, namely, the Tafel
slope and the reaction order, vary with the method of
oxide catalyst preparation [11, 12, 14, 20, 21]. Bockris
and Otagawa [11] synthesized LaNiO3 by two dif-
ferent methods, high temperature ceramic and co-
precipitation followed by decomposition at 800 °C.
The former method gave b � 65±130 mV decade)1

while the latter gave, 43 mV decade)1 up to a current
density of 100 mA cm)2. In both cases the electrodes
were in the massive pellet form. In contrast, Balej
found b � 95 mV decade)1 [12] on the same oxide
prepared by the same Bockris±Otagawa coprecipita-
tion method. Singh et al. [14, 20, 21] prepared
LaNiO3 in ®lm form by di�erent methods; sequential
solution coating [20, 21], oxide±slurry painting [14]
and spray pyrolysis [20] and observed b � 60 mV
decade)1 in the case of coated ®lms, while that for the
sprayed ®lms was only 45 mV decade)1. Also,
LaNiO3 prepared in situ showed b � 60 mV decade)1

for oxygen evolution.

The observed ®rst order oxygen evolution kinetics
in OH) ion concentration with the polystyrene-im-
pregnated LaNiO3 electrocatalyst is in fair agreement
with values previously reported [11, 14, 20, 21]. In
some cases, particularly oxygen evolution on LaNiO3

and on Pt/LaNiO3 prepared by coprecipitation [11]
and spray pyrolysis [20], respectively, second order
kinetics have also been reported.

The electrode kinetic data for oxygen reduction
reported in the literature show that the Tafel slope
depends on the catalyst preparation method, while
the reaction order in [OH)] appears to be indepen-
dent of it. The b values were found to range between
40 and 60 mV decade)1 [11, 25±29]. Thus, the
observed b value (40 mV decade)1) and the reaction
order (about )1) for oxygen reduction on LN±MA
are in accord with the literature values.

Table 1 shows that among the LaNiO3 electrodes,
the electrode LN±MA, with the exception of
LN±COP, has the greatest electrocatalytic activity.
Its apparent activity in terms of the oxygen evolution
current density at E � 0:625 V is only two times
lower than that of the LN±COP electrode which is
presently considered as a highly active oxygen anode.
However, the activity of the latter (LN±COP) was
reported not to be reproducible [12]. At low over-
potential, both the electrodes showed a similar order

Fig. 2. Plot of log I against log [OH)] at constant potentials from Fig. 1. Key: (d) 600 mV; (s) 575 mV.

Table 1. Comparative values of electrode kinetic parameters for oxygen evolution on LaNiO3 in 1 M KOH at 25 °C

Electrodes Roughness

factor, RF

Tafel slope

/mVdec)1
p I/mAcm)2

0.525V 0.625V

Iapp Itr ´ 103 Iapp Itr ´ 103

LN±MA 1500 63 1.1 4.85 3.23 29.10 19.40

LN±C [11] 750 65 1.1 0.55 0.73 1.76 2.35

LN±COP [11] 5600 43 0.95 5.60 1.00 54.00 9.64

Pt/LN±SP [20] 170 45 2.2 0.37 2.18 5.00 29.40

Pt/LN±SSC [20] 470 65 1.2 1.74 3.70 9.40 20.00

Ni/LN±HSS [14] 1820 73 1.2 2.60 1.43 12.30 6.76
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of electrocatalytic activity, values of iapp being 4.8
and 5.6 mA cm)2 at E � 0:525 V for LN±MA and
LN±COP, respectively. In contrast, based on the real
surface area of electrodes, the electrocatalytic activity
of the LN±MA electrode (RF � 1500) was approxi-
mately two times higher than the LN±COP
(RF � 5600). The roughness factor �RF� for the LN±
MA electrode has already been determined in [22]. It
was noted that in the case of oxygen evolution the
true electrocatalytic activity of LN±SP was greatest
while that of LN±C was lowest. On the other hand, in

the case of oxygen reduction, the LN-MA electrode
has the greatest electrocatalytic activity. Its activity
was more than 50 times greater than LN±COP.
Comparative E against log i plots for di�erent elec-
trodes are shown in Fig. 6.

The stability of the electrode was examined by
polarizing the electrode anodically for a period of
50 h at 50 mA cm)2 in 1 M KOH. This test showed
a quite stable potential during the period of inves-
tigation (Fig. 7).

5. Conclusion

This study shows that the malic acid-aided method
(which is a modi®ed sol±gel route) improves both
geometric, as well as electronic, properties of the
catalyst favourably. The apparent and true catalytic
activity of this catalyst, particularly in the case of
electrochemical reduction of oxygen in 1 M KOH, is
found to be many times higher than those obtained
by other methods. This indicates the possibility of
obtaining large-area and catalytically active oxide
materials through sol-gel routes.
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Fig. 3. Tafel plots for oxygen reduction on polystyrene-impregnated LaNiO3 electrode at various KOH concentrations (25 °C): (s) 0.2,
(d) 0.5, (n) 0.75 and (´) 1 M.

Fig. 4. Plot of log I against log [OH)] from polarization curves in
Fig. 3. Key: (d) p = 0.9 (+120 mV); (s) p = 1.0 (+130 mV).
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