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Single phase ruthenium oxides with perovskite (ATi项(A=Ca, Sr)) and pyrochlore structure (Bi2Ru2O7, 
Pb2Ru2O65) have been prepared reproducibly by solid state reaction methods and their electrocatalytic activities 
for oxygen evolution have been examined by Tafel plots. Tafel slopes vary from a low value of 42 mV/decade 
up to 222 mV/decade at room temperature. The high exchange current densities and high Tafel slopes com
pared with those obtained from the RuO2 DSA electrode at the crystalline single phase metal oxide electrodes 
suggest that they are better electrocatalysts at low overpotentials. A favorable change in the Tafel slope for the 
oxygen evolution reaction occurs as the ruthenium content increases. Substitution of Ti for Ru in the perovsk
ite solid solutions enhanced their chemical stability by losing marginal electrochemical activity.

Introduction

The oxygen evolution and reduction reactions are of spe
cial importance in water electrolyzers, fuel cells, and bat

teries using air cathodes since slow kinetics of these reac
tions are the chief cause of efficiency losses.1 Transition me
tal oxides possess many of the desirable characteristics for 
practical electrodes for oxygen evolution.2 The poor stability 
of some metal oxides over anodic potential ranges where ox
ygen evolution takes place is a major problem. Dimension
ally stable anode (DSA) materials have been attractive elec



Oxygen Evolution at Perovskite and Pyrochlore Electrodes Bull. Korean Chem. Soc. 1997, Vol. 18, No. 9 973

trocatalysts for both the chlorine and oxygen evolution reac
tions? DSA electrodes such as RuO*  are commonly pre
pared by thermal decomposition of RuC13 and Ru(NO)(NO3)3, 
which are applied as thin coating on metallic substrate, usu
ally titanium.4-6 Generally, the oxide layers are nonstoichi- 
ometric with structural defects. The properties of the oxide 
layer, especially its catalytic effects depend on the thermal 
decomposition conditions such as concentration of the salt 
solution, temperature, atmosphere and duration of heating, 
and the substrate.7

Perovskite-type CaRuO3 and SrRuO3 are metallic con
ductors. Ru ions in these compounds can be replaced by Ti 
to form solid solutions ATi1.^RuAO3 (A=Ca, Sr) in the whole 
range of x. The conductivity mechanism changes from me
tallic to semiconducting as x decreases below 0.5.8,9 Howev
er, we expected that the chemical stability of these Ru com
pounds can be increased by the Ti substitution. These ma
terials are expected to have a varying electrocatalytic ac
tivity and chemical stability depending on their chemical 
composition. Also, metal oxides with the pyrochlore struc
ture such as Bi2Ru2O7 and Pb2Ru2O65, which are all charac
terized by an infinite, 3-dimensional cubic array of oxide 
ion as in the perovskite structure, are known to show en
couraging perfonnance for air electrodes.10,11 In the present 
study, single phase ruthenium oxides with perovskite and 
pyrochlore structures have been prepared reproducibly by 
solid state reaction methods and their electrocatalytic ac
tivities for oxygen evolution have been examined by Tafel 
plots.

Experimental

SrTilxRuxO3 (x=1.0, 0.67, 0.33), CaTilxRu^O3 (x=1.0, 0.8, 
0.6, 0.2, 0) having a perovskite bulk structure, where ruthen
ium and titanium have an octahedral coordination of 6 ox
ygens, have been prepared by solid state reactions for elec
trode materials. The stoichiometric amounts of TiO2 and 
SrCO3, and RuO2 and SrCO3 were mixed and heated at 1100 
°C for 20-30 hours in air to prepare SrTiO3 and SrRuO3, 
respectively. The resulting powders were ground separately, 
and the mixture of (1-x) SrTiO3 and x SrRuO3 was heated 
at 1100 °C for 30 hours to synthesize SrTij.^Ru^Os (x=1.0, 
0.67, 0.33). CaTi患Ru/〉(x=1.0, 0.8, 0.6, 0.2, 0) were pre
pared by a similar procedure at 1300 °C. Bi2Ru2O7 and 
Pb2Ru2O65 have also been prepared by solid state reactions. 
The stoichiometric amounts of Bi2O3 and RuO2, and PbO 
and RuO2 were mixed. The mixture was placed in an alu
mina boat and sealed in a quartz tube in a vacuum line, 
which was heated at 700 °C for 15 hrs. and 900 °C for 24 
hrs. consecutively for Bi2Ru2O7, and at 850 °C for 20 hrs. 
and at 900 °C for 10 hrs. for Pb2Ru2O65. The structures of 
the compounds were determined by a Rigaku X-ray powder 
diffractometer with Cu K% radiation.

To make electrodes for the electrochemical measurements, 
the products were pressed into pellets after mixing the 
powder with a few drops of binder (4% polyvinyl alcohol 
solution). The pellets were dried and heated at 1400 °C. 
One face of the disk was ground with SiC based emery pap
ers (grit #1200, 1500) and polished with alumina (stepwise 
1.0, 0.3, 0.05 |im), sonicated and washed thoroughly before 
use. For comparison, the RuO2 DSA electrode was prepared

Table 1. Lattice parameters of the single phase ruthenium ox
ides with perovskite and pyrochlore structure

Lattice type Cell parameter (A)
SrRuOj cubic a=3.932(2)
SlTii/3RU2/3()3 cubic a=3.929(l)
SrTi2/3Ru1/3O3 cubic a=3.916(2)
CaRuO3 orthorhombic a=5.533(3), b=5.380(3), c=7.644(5)
CaTi()2Ru(i 8O3 orthorhombic a=5.531(4), b=5.364(3), c=7.673(5)
CaTia4Ru°.6°3 orthorhombic a=5.530(5), b=5.356(5), c=7.672(4)
Bi2Ru2O7 cubic a=10.315(l)
Pb2Ru2O65 cubic a=10.267(4)

by a common technique, i.e., thermal decomposition of a 
metal salt, RuC13, on Ti wire.5

All electrochemical measurements were made by a Prince
ton Applied Research Model 263 potentiostat/galvanostat. A 
three electrode cell system was used: the metal oxide elec
trode as a working electrode, a platinum wire spiral counter 
electrode, and a saturated calomel reference electrode (SCE). 
All potentials reported here are referred to the SCE. The 
electrolyte was 1.0 M KOH in distilled deionized water. For 
the Tafel plot, the equilibrium potentials were measured 
with applying constant currents by chronopotentiometry.

Results and Discussion

The lattice parameters of the compounds of present study 
are listed in Table 1. While the compounds in the 
SrTij.xRuxO3 solid solution crystallize in an ideal cubic 
perovskite structure, the Ca-analogues show orthorhombic 
distortions. The unit cell parameters decrease gradually with 
the increase in Ti content in both cases. The pyrochlore 
compounds show the same lattice parameters as those in the 
literature indicating that their compositions are close to the 
ideal ones, Le., Bi2Ru2O7 and Pb2Ru2O65.

A plot of log i (current) vs. T| (overpotential), known as a 
Tafel plot, is a useful device for evaluating kinetic paramet
ers.12 For an anodic branch, the anodic current shows a re
lationship to the overpotential:

i-io exp[(l 一 a)nFr|/RT]
or rj=[2.3RT/(l 一 a)nF] (log i - log 矽)

where n, F, R, and T are number of electrons, Faraday con-

Table 2. Values of the slopes and exchange cunent densities 
from Tafel plots for oxygen evolution in 1.0 N KOH solution at 
various metal oxides

Metal oxide electrodes Slope 
(V/decade)

Exchange current 
density (A/cm2)

perovskite SrTi1/3Ru2/3O3 0.096 1.49x10 7
structure SrTi^Ruj^Oj 0.161 1.30x10 s

CaRuO3 0.087 3.40x10 5
CaTio.2Ruo.xO3 0.197 6.85X10-5
CaTi04Ru06O3 0.202 1.53x10 5
。侦诂尺凹）.2。3 0.254 2.82 x 10-5

pyrochlore Bi2Ru2O7 0.075 6.30x10 8
structure Pb2Ru2O65 0.152 1.58x10 5

DSA type RuO2 on Ti 0.056 1.60x10 8
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Figure 1. Tafel plots for oxygen evolution in 1.0 N KOH solu
tion at single phase ruthenium oxides with perovskite structure, 
(a) CaTil xRuxO3 (x=0, 0.2, 0.6, 0.8, 1.0). (b) SrTi!.xRuxO3 (x-2/3, 
1/3).
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stant, gas constant, and temperature, respectively. The slope 
of the linear segment is (1 一 a)nF/2.3RT. It extrapolates to 
an intercept of log io. The transfer coefficient a and the ex
change current io are readily accessible from this kind of 
presentation. Table 2 summarizes the values of the slopes 
and exchange current densities from the Tafel plots for ox
ygen evolution reaction at single phase ruthenium oxide 
electrodes with perovskite and pyrochlore structures in
cluding SrTi1.xRuxO3 (x=1.0, 0.67, 0.33) and CaTi康RiUA (x 
=1.0, 0.8, 0.6, 0.2, 0), and Bi2Ru2O7 and Pb2Ru2O65. Tafel 
plots for oxygen evolution in 1.0 N KOH at various metal 
oxide electrodes with perovskite structure are also presented 
in Figure 1. Tafel slopes vary from a low value of 42 mV/ 
decade up to 222 mV/decade at room temperature. A fa
vorable change in the Tafel slope for the oxygen evolution 
reaction occurs as the ruthenium content is increased, which 
corresponds to an increase in the transfer coefficient (1 - a). 
SrTi1/3Ru2/3O3 and CaRuO3 and Bi2Ru2O7 show lower Tafel 
slopes (better catalytic effects) for oxygen evolution reac
tion than the other mixed metal oxide electrodes in this 
study. The Tafel slopes from our metal oxide electrodes are 
in the same range as other published works, 30-235 mV/de- 
cade.1 Therefore, the mechanism of oxygen evolution at the 
metal oxides could be considered to be similar to the pre
vious ones generally accepted”시' and that only one electron 
is involved in the rate determining step at these electrodes. 
The reaction pathway that is often suggested for oxygen 
evolution in alkaline solution is as f이lows"：

S+OH S-OH + e (S is transition metal ion site)

SOH + OH —SO + H2O
SO ~ —* SO + e
2 SO -> 2 S + O2

The rate determining step (rds) for oxygen evolution of me
tal oxides varied depending on the electrode material. In ad
dition, the valence states of the cations were found to play 
an important role in oxygen evolution on metal oxide elec
trocatalysts. For most cases, one electron process is sug
gested to be the rate determining step for oxygen evolution 
processes.15 From the present study, it was difficult to iden
tify which process is the rds for oxygen evolution at these 
electrodes. More extensive analysis is required to identify 
the rds for oxygen evolution.

Table 2 shows that the exchange current densities are in 
the range from 5.1 乂 10" to 2.1 x 10"2 A/cm2. The ex
change current density is based on the geometric surface 
area and the roughness factor is not taken into account. Be
cause of the variability in Tafel slopes obtained from dif
ferent electrodes, a direct comparison of the exchange cur
rent densities as a measure of electrocatalytic activity is not 
considered to be very useful.1 For practical purposes, a 
more meaningful comparison of the electrocatalytic activity 
of anodes is the overpotential for oxygen evolution that is 
obtained at a specific current density. CaRuO3 shows the 
best performance and shows even lower overpotentials than 
RuO2 DSA electrode at all current densities (Figure la). 
CaTi^Ruo Q3 shows lower overpotentials at lower current 
densities and higher overpotentials at higher current den
sities than the RuO2 DSA electrode. Higher overpotentials 
with a large Tafel slope for the oxygen evolution reaction 
than at the RuO2 DSA electrode are obtained at oxide elec
trodes with the lower ruthenium content, CaTi1.xRuxO3 (x= 
0.2, 0.6). It is well known that in DSA type electrodes 
(containing RuOJTiO，，the electrocatalytic activity for ox
ygen evolution decreases dramatically when the ruthenium 
content is less than 30 mol%.15 Higher overpotentials for 
the oxygen evolution reaction than at the RuO2 DSA elec
trode are obtained at SiTi/RuKL (x=0.33, 0.67) (Figure lb). 
Although SrTi1/3Ru2/3O3 아lows lower Tafel slopes for ox
ygen evolution compared with other oxides in this study, 
overpotentials are larger at all current densities than the 
RuO2 DSA electrode. The SrRuO3 electrode is too unstable 
in alkaline solutions to make electrochemical measurements. 
Electrodes of perovskite type SrTi患R11Q3 (x=1.0, 0.33, 0.67) 
and CaTii项Ru*( )3 (x=1.0, 0.8, 0.6, 0.2) disintegrate during 
the oxygen evolution reaction in alkaline solutions.

The presence of the mixed valence states of ruthenium in 
the nonstoichiometric oxides with structural defects, which 
are prepared by thermal decomposition of metal salts at low 
temperature (ca. 400 °C), is known to correlate with the 
high electrocatalytic activity. Single phase ruthenium diox
ide electrodes of perovskite structures prepared by solid 
state reaction methods at high temperatures (ca. 1200 °C) 
would have less defects resulting in the valence state of 
four and a smaller surface area with a crystalline structure. 
This trend is speculated as the main reason for not showing 
the expected catalytic effects on the oxygen evolution reac
tion. In general, the oxygen evolution reaction at the single 
phase ruthenium oxide electrodes studied in this work 
results in high exchange current densities and high Tafel
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Figure 2. Tafel plots for oxygen evolution in 1.0 N KOH solu
tion at Bi2Ru2O7 and Pb2Ru2O65 electrodes of pyrochlore struc
ture.

slopes, compared with the RuO2 DSA electrode. Therefore, 
the crystalline single phase metal oxide electrodes appear 
better electrocatalysts at low overpotentials.

Some oxides with the pyrochlore structure, A2B2O7.y (A= 
Pb, Bi; B=Ru, Ir; 0<y<0.5), have been found to be active 
for both oxygen evolution and reduction reactions and are 
therefore candidate materials for a bifunctional oxygen elec
trode.10,11 Oxides with the pyrochlore structure have the 
ideal chemical formula A2B2O6O'; they contain a cubic B2O6 
framework of comer-shared octahedra that is interpenetrated 
by an A2O' subarray. The interpenetrating A2O*  array is flex
ible, and it may contain O' vacancies. Whereas Bi2Ru2O7 
has the ideal pyrochlore structure, the Pb analogues contain 
O'-site vacancies.16'18 Tafel plots for oxygen evolution in 1.0 
N KOH at the electrodes of pyrochlores, Bi2Ru2O7 and 
Pb2Ru2O65, are shown in Figure 2. In the case of Bi2Ru2O7, 
although the overpotentials are larger at all current densities, 
the Tafel slope for the oxygen evolution reaction is about 60 
mV/decade and the linear region in the Tafel plot is com
parable to that observed at RuO2 DSA type electrodes. With 
Pb2Ru2O65, the slopes for the oxygen evolution reaction are 
higher than RuO2 DSA type electrodes. In addition, Tafel 
slope changes and the linear region in the plot is very lim
ited. The change in the Tafel slope is known to be associat
ed with a change in the valence state or the crystal structure 
of the metal oxide, e.g., a- or p-Ni(OH)2.19

The compounds in the present study and RuO2 have RuO6 
octahedral units as the building blocks in common but in 
different modes of connectivity. The octahedra are edge- 
shared in RuO2 while they are comer-shared in the others. 
Since edge-sharing will result in broader d-band through 
direct d-orbital interactions than in comer-sharing, the mo
bility of conduction d-electrons will be the highest in RuO2. 
Among the structures with comer-shared RuO2 octahedra, 
the band width will decrease with the degree of bending in 
Ru-O-Ru bond angles, which increases along the order, 
SrRuO3>CaRuO3>Bi2Ru2O7>Pb2Ru2O65. However, in the 
last two pyrochlores 6s2-electrons of Bi and Pb would con
tribute to the conduction electron concentrations to raise 
their conductivities higher than those of the perovskites. Ti- 
incorporation into the ARuO3 (A=Ca, Sr) perovskites will lo
calize d-electrons of Ru by creating random potentials and, 
at the same time, by reducing the d-electron concentration.

Therefore, the bulk conductivity of the Ru(IV) compounds 
will decrease according to the sequence, RuO2>Bi2Ru2O7> 
Pb2Ru2O6 5>ARuO3>ATi1.xRuxO3 (A=Ca, Sr). Substitution of 
Ti for Ru of the perovskite solid solutions causes the loss 
of electrochemical activity. However, in the case of SrRuO3 
electrode, its chemical stability is enhanced by Ti sub
stitution by losing marginal electrochemical activity. Al
though we have studied only few compositions in this study, 
more detailed experiments with nanow composition in
tervals may reveal the optimal composition of acceptable 
chemical stability and electrochemical activity in these com
pounds.

Conclusion

Single phase ruthenium oxides with perovskite and py
rochlore structure including SrTilxRuAO3 (x=1.0, 0.67, 0.33) 
and CaTii-xRuO (x끄 1.0, 0.8, 0.6, 0.2, 0), and Bi2Ru2O7 and 
Pb2Ru2O65 have been prepared reproducibly by solid state 
reaction methods. Their electrocatalytic activities for oxygen 
evolution have been examined by Tafel plots. The slopes of 
Tafel plots for oxygen evolution in 1.0 N KOH at various 
single phase metal oxide electrodes vary from a low value 
of 42 mV/decade up to 222 mV/decade at room tem
perature. A favorable change in the slope occurs as the 
ruthenium content increases, which corresponds to an in
crease in the transfer coefficient (1 - a) for the oxygen evo
lution. SrTi1/3Ru2/3O3 and CaRuO3 and Bi2Ru2O7 show lower 
Tafel slopes (better catalytic effects) for the oxygen evo
lution reaction than the other mixed metal oxide electrodes 
in this study. The bulk conductivity of the ruthenium com
pounds decreases along the sequence, RuO2>Bi2Ru2O7> 
Pb2Ru2O6 5>ARuO3>ATi1.xRuJO3 (A=Ca, Sr). Substitution of 
Ti for Ru of the perovskite solid solutions causes the loss 
of electrochemical activity with the enhancement of its 
chemical stability. Single phase ruthenium dioxide elec
trodes of perovskite structure prepared by solid state reac
tions at high temperatures (ca. 1200 °C) have less defects, 
which results in the valence state of four and a smaller sur
face area with a crystalline structure. This is speculated as 
the main cause for not showing the expected favorable ca
talytic effect on oxygen evolution. In general, oxygen evo
lution reaction at the single phase ruthenium oxide elec
trodes studied in this work results in high exchange current 
densities and high Tafel slopes, compared with the RuO2 
DSA electrode. Therefore, the crystalline single phase metal 
oxide electrodes are suggested to be better electrocatalysts 
at low overpotentials.
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The magnetic susceptibilities of molybdenum ions with 4*  electronic configuration in the octahedral crystal 
field were calculated on the basis of ligand field theory. The experimental magnetic susceptibilities for 
molybdenum ions, which are stabilized at the octahedral site in the perovskite lattice of Ba2ScMovO6 and Sr 
2YMovO6, were compared with the theoretical ones. We have tried to fit their temperature dependences of mag
netic susceptibility with ligand field parameters, spin-orbit coupling constant Q, and orbital reduction paramet
er k according to intermediate field coupling and strong field theory. Strong field coupling theory could not ex
plain experimental curves without unrealistically large axial ligand field, since it ignores the mixing up 
between different state via spin-orbit interaction and ligand field. On the other hand, the intermediate field cou
pling theory could successfully reproduce experimental data in octahedral and trigonal ligand field. The fitting 
result demonstrates not only the fact that spin-orbit interaction is primarily responsible for the variation of mag
netic behavior but also the fact that effective orbital overlap, enhanced by cubic crystal structure, reduces sig
nificantly orbital angular momentum as indicated by k parameter.

Introduction

In order to interpret the magnetic property of second and 
third row element, more rigorous calculation is required 
than the simplified one such as weak field coupling, which 
has been known to be quite successful in interpreting the 
magnetic property of first row element. There is a marked 
difference in the magnetic and optical properties between 
the and 5(T transition metal ions and 3d" ones, since spi
n-orbit interaction as well as ligand field are much stronger 
than interelectronic repulsion in the former, compared to the 
latter.1-7 In fact, in going from 3d toward 4d and 5d, we no
tice that the interelectronic repulsion among the outer shell 

electrons gets weaker while the spin-orbit interaction be
comes stronger. Therefore, the influences of spin-orbit in
teraction and ligand field need to be relevantly considered. 
As it is well-known, in the weak field coupling scheme, the 
starting orbital is d and the zeroth order wavefunctions are

|d,旳=2>, \d, 1>, \d, 0>,|rf,-l>, and \d, -2>

and the zeroth order Hamiltonian consists of the free ion 
Hamiltonian, given by

Hw=Hl£ 쯤島
where the summation is over all the d electrons. Here
involves the electrons in the closed shells. Hie symmetry 
group of Hw is the full rotation group R3 in the weak field


