
JOURNAL OF APPLIED ELECTROCHEMISTRY 12 (1982) 275-280 

Properties of SrMO3-s (M-Fe, Co) as oxygen electrodes 
in alkaline solution 
Y. T A K E D A ,  R. K A N N O ,  T. K O N D O ,  O. Y A M A M O T O  

Department of  Chemistry, Faculty of  Engineering, Mie University, Tsu, 514, Japan 

H. T A G U C H I  

Osaka Prefectural Industrial Research Insn'tu te, Nishi-ku, Osaka 550, Japan 

M. S H I M A D A ,  M. K O I Z U M I  

The Institute of  Scientific and IndustriaI Research, Osaka University, Osaka 565, Japan 

Received 24 July 1981 

Strontium ferrates and cobaltates with compositions SrFeO3_5 (0.06 ~< 6 ~< 0.40) and SrCoO3_ 6 

(0.04 ~< 6 ~< 0.30) were synthesized. The dependence of the oxygen electrode properties on the 6 value 
was examined in 1 tool dm -3 KOH solution. In the SrFeO3_ ~ series, the samples with 0.24 < 5 < 0.29, 
showed the highest activity in both oxygen evolution and reduction reactions. In contrast, no strong 
dependence on the 6 value was observed in SrCoO3_8, which also showed a high catalytic activity for 
oxygen evolution. 

1. Introduction 

During the last decade, many compounds with the 
perovskite structure have been found to exhibit 
high electrical conductivity and good catalytic 
activity for oxygen evolution and the reduction 
of oxygen [1 ]. The general formula for perovskites 
is ABO3. The A ion may be a large cation and the 
B ion, a small transition metal cation. Many 
authors have reported on the effect on the elec- 
trode properties of partial substitution of the A 
site ions with another cation or the B site ions 
with another transition metal [2-4]. The 
LaxSrl_~MO3_~ (M = Mn, Fe, Co) systems in 
particular have been studied because of their 
high catalytic activity. It is well known that 
perovskite-type oxides containing alkaline earth 
metals have a nonstoichiometric composition and 
that the measure of the nonstoichiometry of the 
compound, 6, which corresponds to the concentra- 
tion of the oxygen ion vacancies, depends on the 
preparation conditions, e.g. oxygen pressure and 
annealing temperature. The stoichiometric com- 
pounds, ABO3 (A = alkaline earth metal, B = Fe 
or Co), were obtained only under a high oxygen 
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pressure. The relationships between 5 and the 
magnetic properties and between 6 and the elec- 
trical properties of these compounds have been 
studied extensively [5]. However, no detailed 
report on the dependence of the catalytic proper- 
ties of the oxygen electrodes on the value of 6 has 
been presented. Kudo et aI. [6] have reported the 
electrode potentials of Ndl_xSrxCoO3_6 in a KOH 
solution as a function of 6, where 5 is reversibly 
changed by the electrochemical reaction. Further, 
Bronoel et al. [7] suggested that the catalytic 
activity of La1_xSrxFeO3_ 8 for the oxygen elec- 
trodes increases as the fraction of oxygen vacan- 
cies increases. 

In this study, SrFeO3_8 and SrCoO3_6, with 
various values of 6, were prepared under different 
conditions (oxygen pressure and temperature). 
The electrode characteristics of these compounds 
in KOH solution were examined as a function of & 

2. Experimental procedure 

Well dried reagent grade SrCO3 and a-F%O3 or 
SrCO 3 and COCO3 were weighed in equimolar 
ratios and mixed in an agate mortar. After the 
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mixtures were pretired at 900 ~ C for 2 h in Pt 
crucibles in air, they were ground, pelleted, and 
tired at 1300 ~ C for 24h  in air for SrFeO3_~, and 
at 1000 ~ C for 24h  in a flow of  oxygen gas for 
SrCoO3_~. Then, they were quenched to room 
temperature. The products obtained were ground 
thoroughly and pressed under a pressure of  50 MPa 
into a pellet before being retired at 1300 ~ C in air 
(SrFeO3_~) or at 1000 ~ C in a flow of  oxygen gas 
(SrCoOa_8) for 24 h. SrFeO3_~ samples were 
annealed under an oxygen pressure of  20 kPa- 
120MPa at 500-1300 ~ C for 10-96h ,  and 
SrCoO3_8 samples were annealed under an oxygen 
pressure of  10-120MPa at 300 ~ C for 72-168 h. 

The products were identified by X-ray powder 
diffractometry using nickel filtered CuKa or iron 
filtered C o K a  radiation. The lattice parameter was 
obtained at a slow scan rate of  0.25~ using 
silicon powder as an internal standard. The oxygen 
content in the samples was determined by chemical 
analysis using the oxidation-reduction method, 
which was presented by Mori et al. [8] for 
SrFeOa_8 and by Gushee et  al. [9] for SrCoO3_ ~. 
The electrical conductivity was measured by a 
four-terminal method with direct current. The 
electrochemical measurements were carried out in 
an H-type Pyrex cell. The electrolyte solutions 
were 1 moldm -a KOH. An Hg/HgO electrode was 
used as the reference electrode and a graphite bar 
as the counter electrode. The working electrodes 
were sintered SrFeOa_~ and SrCoO3_~. The elec- 
trode surfaces were previously polished with No. 
1000 emery papers, and an electrical lead was con- 
nected via silver paste on one side of  the elec- 
trode surface. The specimen was then mounted 
in a paper tube with polyester resin. The IR-  

Table 1. ~ values in SrFeO3_ 6 

free potentials were obtained as a function of  
the current by means of  a current interrupter. 
The current was increased in a stepwise manner 
and the electrode potentials at each current 
point were considered as the quasi steady-state 
potentials when the deviation of  the measured 
potentials was within 5 mV for 2 rain. There 
were no significant differences in the polarization 
curves when measured several times provided a 
high current was not passed through the electrodes. 
The curves in the figures indicate the initial values. 
At higher current densities, significant gas 
evolution and decomposition of  the electrodes 
were observed, and the electrode potentials 
increased with time. Such a current density region 
is shown by the dotted line in the polarization 
curves. During the measurements, oxygen gas was 
bubbled through the electrolyte. All measurements 
were made at room temperature. 

3. Results and discussion 

In Tables 1 and 2, the 6 values for SrFeO3_~ and 
SrCoO3_ 6 obtained by annealing at various 
oxygen pressures and various temperatures are 
shown. The 6 values of  the strontium ferrates 
SrFeOa_8 quenched from 1300 ~ C in air are in the 
range 0.34-0.40, and those slowly cooled in the 
furnace from 1300 ~ C are in the range 0.24-0.31, 
depending on the annealing period: ~ decreases 
with increasing annealing period. However, the 
samples with 6 values lower than 0.24 were not 
obtained in air. In order to prepare the less 
oxygen deficient specimens, the samples were 
annealed in an oxygen gas flow. The lowest value 
of  8, 0.13, was found for samples annealed at 

Annealing conditions 

Temperature (~ C) Time (h) Atmosphere 

Cooling conditions 

1300 16 
1300 7 
1300 15 
1000 12 
1200 16 
1300 12 
1000 12 
1300 24 

500 96 

Air Quenched 0.40 
Air Quenched 0.34 
Air Slow 0.31 
Air Quenched 0.30 
Air Slow 0.27 
Air Slow 0.24 
02 Slow 0.14 
02 Slow 0.13 
02 (14 MPa) Slow 0.06 
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Table 2. 6 values in SrCoO3_ 8 

Annealing conditions 8 

Temperature (~ C) Oxygen pressure (MPa) 7~'me (h) 

300 10 168 0.30 
300 30 168 0.15 
300 60 168 0.07 
300 80 72 0.16 
300 100 72 0.08 
300 120 168 0.04 

1300 ~ C in an oxygen gas flow and then cooled 
slowly. Further, for samples annealed under a 
high oxygen pressure such as 14 MPa, the 6 value 
reaches 0.06 as shown in Table 1. In the case of 
strontium cobaltates SrCoO3_8, samples with 5 
values less than 0.35 were not obtained in an 
oxygen gas flow or air. The samples were annealed 
under high oxygen pressures, where the annealing 
temperature was 300 ~ C, because at higher tem- 
peratures the perovskite phase changes to a 
hexagonal BaCoO3-type phase [10]. 

In Fig. 1, the lattice constants and the electrical 
conductivities of the SrFeO3_ ~ series at room tem- 
perature are shown as a function of the 5 value. 
MacChesney et  al. [11] reported that the stoichio- 
metric composition SrFeO3 exhibits a simple 
cubic perovskite structure (a = 3.850 A) and with 
increasing oxygen deficiency, SrFeO3_~ shows 
increased cell constants and eventually tetragonal 
distortion. The oxygen deficient SrFeO3_~ pre- 
pared in this study was indexed by tetragonal sym- 
metry. The slight split in X-ray powder patterns 
caused by transition from a cubic form to a tetra- 
gonal form made the precise determination of the 
cell constant very difficult, and the values of the 
cell constants were accurate to within + 0.005 A. 
The samples of SrFeO3_~ with 6 < 0.26 have high 
electrical conductivities of 1 S cm -1 or more, and 
the conductivity was almost independent of tem- 
perature. The highly oxygen deficient SrFeO3_~ 
(6 ~> 0.40) shows an electrical conductivity as low 
as 10 -3 Scm -1 or less at room temperature, and 
this decreases strongly with increasing 6 value. The 
cell constants and the electrical conductivities of 
SrCoO3_ ~ were measured as a function of 6 by 
Taguchi et  al. [10, 12]. SrCoO3_ 6 showed the 
cubic perovskite structure over the range 0.05 ~< 
6 ~ 0.26,  and in this range the cell constants 

increased monotonously with increasing 8. The 
electrical conductivity of SrCoO3_~ at room tem- 
perature increased with increasing 6, from 
5.6S cm -1 at 6 = 0.04 to 1.0S cm -1 at 6 = 0.30, 
and the conduction was metallic. 

Fig. 2 shows typical polarization curves for the 
oxygen evolution reaction for SrFeO3_ ~ in 1 mol 
dm -3 KOH. The open circuit voltage of SrFeO3_~ 
was dependent on the value of 6: it decreased from 
0.29 + 0.05 V (6 = 0.13) to 0.13 + 0.05 V (6 = 
0.4). A similar dependency was found in 
Ndo.sSro.sCoO3_ ~ by Kudo et  al. [6]. The follow- 
ing potential determining reaction was postulated: 

O2-(lattice) + 2Co 4+ + H20 + 2e 

Vow- + 2Co 3+ + 2OH- 

where Vow- is the oxygen ion vacancies. The elec- 
trode potential became nobler as the Co 4+ concen- 
tration increased. In the case of  SrFeO2.73 the 
linear relationship between the logarithm of the 
current density and the overpotential, ~?a, is 

z~ ~ / ,  2 

3.880 

3.860 ~. T 

~ -4 o ~ 

-- ~ 3.820 

0 - a -6 \ 
0.10 O. 20 0.30 0.40 

6 
Fig. 1. Lattice constant and electrical conductivity a as a 
function of  6 in SrFeO3_ 6 at 25 ~ C. 
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Fig. 2. Anodic polarization curves for SrFeO3_ 6 in 
1 moldm -3 KOH. 

observed in the current range 0.5 to 20 m A c m  -2, 
where rapid oxygen evolution was observed. At 
higher current density, greater than 100 mA cm -2, 
the overpotential increased drastically with the 
period of  electrolysis, and the electrode decom- 
posed to hematite and strontium hydroxide. A 
similar polarization curve is found for SrFeO2.86. 
The activity for the oxygen evolution reaction on 
this electrode is less than that on SrFeO2.T3. The 
more oxygen deficient specimens such as 
SrFeO2.65 and SrFeO2.6o are less active than 
SrFeO2.73. The relationship between 6 and the 
anodic current density at % = 0.45 V is shown in 
Fig. 3. Masumoto et  al. [13] reported an anodic 
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Fig. 3. The relationship between anodic current at r~ a = 
0.45 V and the ~ value in SrFeO3_ 6 and SrCoO3_ 6. 
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Fig. 4. Anodic polarization curves for SrCoO3_ 6 in 
I mol dm-3 KOH. 

polarization of  380 mV at 10 mA c m  -2 for 
SrFeO3_ 6. Although they did not measure the 6 
value, the composition is considered to be close to 
SrFeO2.75 from the preparation method reported. 
Our result is comparable to that of  Matsumoto et  

al. It is interesting that the SrFeO3_ 6 series shows 
the highest activity at 6 = 0.24-0.27. Tofield et  al. 

[14] proposed that the oxygen vacancies are distri- 
buted in an ordered form at or near the com- 
position SrFeO2.Ts, and our electrical conductivity 
results showed that the sample with a 5 value of  
0.30 or more exhibited extremely low conduc- 
tivity. So, it could be supposed that the activity 
for the oxygen evolution reaction on SrFeO3_8 is 
related to the concentration of  oxygen ion vacan- 
cies and the distribution form, as well as the value 
o f  the electrical conductivity. 

Fig. 4 shows the anodic polarization curves for 
SrCoO3_ 8. The open-circuit voltages of  this series 
were about 0.27 V and almost independent of  the 

value. At lower current densities (<  10 mA 
cm-2), the electrode potentials were less than 
0,4 V vs Hg/HgO, the value of  which is lower than 
that o f  the oxygen evolution potential of  the cell, 
about 0.51 V [6], and no oxygen evolution was 
observed. The plateaus in the overvoltage range 
between 0.1 and 0.35 V may be due to the anodic 
oxidation of the electrode. At 10 mA cm -2 or 
more, the potential was greater than 0.6 V and 
oxygen evolution was observed. No significant 
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Fig. 6. Cathodic polarization curves for SrCoOs_ 6 in 
1 mo ldm -s KOH. 

difference in the electrode activity is observed in 
the SrCoO3_ ~ series. The dependence of the 
current density at % = 0.45 V on the 8 value is 
shown in Fig. 3 also. The activity of  SrCoO3_8 for 
the oxygen evolution reaction is comparable to 
that of the highest active samples in the SrFeO3_~ 
series. 

Figs 5 and 6 show the cathodic polarization 
curves for SrFeO3_8 and SrCoO3_~, respectively. 
The catalytic activity for oxygen reduction on the 
SrFeO3_ ~ series depends strongly on the 6 value, 
and the cathodic current densities at ~?e = 0.3 V 
are shown as a function of 6 in Fig. 7. For 
SrFeO3_6, the highest activity is found for 
between 0.24 and 0.29. Bronoel et  al. [7] reported 
that for La0.33Sro.67FeO3_~ (0.06 _-< 6 =< 0.27), the 
catalytic activity for oxygen reduction was related 
to the fraction of vacancies existing in the com- 
pound: the activity increases with increasing 6 
value. However, they have not reported the polar- 
ization behaviour of highly oxygen deficient 
samples such as Lao.33Sro.67FeO2.6s. They found 
that Lal_xSrxFeO3_ ~ compounds undergo reduc- 
tion at the same time as the reduction of oxygen. 
The cathodic polarization curves of SrFeOz.87 and 

SrFeO2.76 were examined under nitrogen. No 
significant differenffe between the activity under 
a nitrogen atmosphere and that under an oxygen 
atmosphere was observed for the SrFeOz.sv elec- 
trode, whose activity is relatively low (see Fig. 7). 
On the other hand, for SrFeO2.76, whose activity 
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Fig. 7. The relationship between cathodic current at 
r/e = 0.3 V and the 6 value in SrFeO3_ 6 and SrCoO3_ 6. 
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is comparably high, the overpotentials under a 
nitrogen atmosphere were 100 mV greater than 
those under an oxygen atmosphere. These results 
suggest that the low activity SrFeO3_8 is reduced 
(probably Fe 4+ to Fe 3§ in the cathodic polariz- 
ation and on the highly active one, there is a 
reduction of  the compound along with the reduc- 

tion of  oxygen. 
The series SrCoO3_~ shows high activity for 

oxygen reduction compared with that of  the 
SrFeO3_8 series. The highest activity was found 
for SrCoO2.92 : the reduction current can reach 
30 mA cm-2 at 0.4 V overpotential.  At  a higher 
overpotential such as 0.5 V, a rapid increase of  
the overpotential with time was observed, and 
hydrogen gas began to evolve. In Fig. 7, the 
relationship between 8 and the reduction current 

density at r~ e = 0.30 V is shown. For  SrCoO3_~, 
the dependence of  composit ion on the reduction 
current is not  so marked as that for SrFeO3_8. The 
overpotential  under a nitrogen gas flow was com- 
parable to that under an oxygen gas flow. The 
time dependence of  the overpotential at the 
cathodic current density at 4 mA cm -2 was 

measured for SrCoO2.93. The overpotential 
increased gradually from 0.32 to 0.55 V over a 
period of  20 h, and then increased suddenly to 
1.9 V. On the other hand, no change in over- 
potential  of  the oxygen evolution reaction for 

SrCoO2.93 was observed at a current density as 
high as 30 mA cm -2 for several hundred hours. 

These results suggest that reduction of the com- 
pound may be predominant in all of  the cathodic 

region. 
Consequently, it can be concluded that  the 

SrFeO3_~ series shows a dependence of  the anodic 
and cathodic polarization on the 6 value (the con- 

centration of  the oxygen ion vacancies) and the 
SrCoO3_~ series does not  show such a dependence. 
The previously reported oxides having good cata- 
lytic activity show a current density for oxygen 
evolution of  about 20-100  mA cm -2 at an over- 
potential  of  0.45 V. SrCoO3_~ is considered to 
have a high catalytic activity for the oxygen 
evolution reaction, comparable to or higher than 
that of  other oxides, although there is a problem 
in comparing them directly because of  the diffe- 
rent methods of  measurement.  
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