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Abstract. The electronic and ionic conduction behavior of Ru-doped SrTiOj3 at high temperature was investigated.
The conductivity increased significantly with increasing Ru content. SrTig goRug2003—s exhibits fairly high con-
ductivities, e.g., 3 S cm™! at 1000°C, and 2 S cm ™! at 600°C. The conductivity had only a slight dependence on the
partial pressure of oxygen over a wide range and was largely attributed to n-type electronic conduction. Ru-doped
SrTiO3; showed mixed oxide-ionic and electronic conduction under reducing atmospheres. The mechanism of the

electronic and ionic conduction is discussed.
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1. Introduction

Mixed electronic and oxide-ionic conductors have
received increasing interest given to their potential
for application in electrochemical oxygen separators
and membrane reactors. The use of such membranes
towards the partial oxidation of methane to produce
synthetic gas and subsequently for the production
of methanol and/or hydrogen has been of particular
recent interest. Several kinds of mixed conductors with
high oxygen flux have been reported to date, e.g., the
perovskites based on the La-Sr-Fe-Co-O system [1],
SrCog sFeO, [2], and Fe-doped LaGaOs-based mate-
rials [3]. For use in membrane reactors, the material
should be tolerant to reducing atmospheres and exhibit
good mechanical strength in addition to high electronic
and ionic conductivities.

Mixed ionic-electronic conduction in SrTiO3-based
compounds at elevated temperature has been reported
[3-7]. Iron-doped SrTiOs3, in particular, is a mixed con-
ductor of oxide ions and electrons [3—7]. SrTiO5 has
the perovskite-type structure and is advantageous due
to its mechanical strength and chemical stability. Intro-
duction of electronic and/or ionic conduction to SrTiOj3
may be attractive from a practical point of view. On the
other hand, SrRuOj also belongs to the perovskite-type

oxides and is known to have a high electronic conduc-
tion [8]. It can be assumed that the partial substitution
of Ru for Ti may be an effective way to introduce elec-
tronic conduction in SrTiOs. In this study, SrTiO3-rich
solid solutions between SrTiO3; and SrRuO; were pre-
pared via the solid state reaction route. Their electronic
and ionic properties were investigated at temperatures
from 600 to 1000°C.

2. Experimental

Sintered bodies of SrTi;_,Ru,05;_5 (x =0.05-0.20)
were prepared by solid state reaction. Appropriately
weighed amounts of SrCOj, TiO, and RuO, were
mixed and calcined at 1200°C for 10 h in air. The
calcined powder was ground, isostatically pressed at
200 MPa and sintered at 1700°C for 10 h in air.
Ceramics of black color with relative densities of
94-96% were obtained. Powder X-ray diffraction mea-
surements on the products were performed at room
temperature using CuKo radiation.

The electrical conductivity was measured using the
complex impedance method from 600 to 1000°C in air
and in hydrogen; these gases were saturated with water
vapor at room temperature. Porous platinum was used
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as the electrodes. The dependence of the conductiv-
ity on the partial pressure of oxygen was measured at
800°C. The atmosphere was controlled by using moist
O,—Ar and Ar—H, mixtures. The thermoelectric power
was semi-quantitatively measured in air at 600-900°C
to determine the type of electronic conduction.

The ionic contribution to the conductivity was es-
timated using gas concentration cells in the reducing
and oxidative atmospheres. Using disk-shape samples
with porous platinum electrodes, the EMFs of cells (1)
and (2) were measured.

cell (1)
cell (2)

H,, Pt|specimen|Pt, H, + Ar
air, Pt|specmen|Pt, O,

The electrochemical self-permeation of hydrogen and
oxygen were also measured using the cell (3).

H; or O, |specimen|Ar cell (3)
The evolution of hydrogen and oxygen in the outlet
of the carrier argon gas with a controlled amount of
water vapor was determined by gas chromatography
and a zirconia-type oxygen sensor, respectively. The
pure and diluted hydrogen gases used in cells (1) and
(3) were moistened with water vapor saturated at room
temperature. The O, and air in cells (2) and (3) were
desiccated with a dry ice-ethanol cold trap.

3. Results
3.1. XRD

Figure 1 shows the powder X-ray diffraction patterns of
SrTi;—Ru,O3_s (x =0.05-0.20). All of the specimens
examined are single-phase with the cubic perovskite-
type structure. The lattice constant, included in the
figure, increases almost linearly with increasing
amount of Ru dopant. The expansion of the lattice con-
stant is due to the increase in the ionic size from Ti
to Ru; the ionic radii of Ti** and Ru*t with six-fold
coordination are 60.5 pm and 62 pm, respectively [9].

3.2.  Electrical Conductivity

The electrical conductivities of SrTi;_,Ru,O3_g
(x =0.05-0.20) measured in moist air and hydrogen
are plotted versus reciprocal temperature in Fig. 2.
In both atmospheres, the conductivity increases sig-
nificantly with increasing Ru dopant content. High
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Fig. 1. Powder X-ray diffraction patterns of SrTij_,Ru,O3_s
(x =0.05-0.20) together with lattice constants of cubic unit cells: (a)
SrTig.80Ru.2003-s, (b) SrTip.90Ru0.1003-s, (¢) SrTip.95Ru0.0503—s.
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Fig. 2. Temperature dependence of electrical conductivities of
SrTij—xRu,0O3_5, x =0.05-0.20, in moist air and hydrogen.
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Fig. 3. Dependence of electrical conductivities of SrTij_Ru,O3_s,
x =0.05-0.20, on partial pressure of oxygen at 800°C.

conductivities of about 3 S cm~! at 1000°C and
2 S cm~! at 600°C are observed for the specimen with
x =0.20. At the concentration of x = 0.05, the conduc-
tivities in hydrogen are apparently higher than those in
air. Atx =0.10 and 0.20, each specimen has almost the
same conductivities under the two atmospheres.

The dependence of the conductivity on the partial
pressure of oxygen measured at 800°C is shown in
Fig. 3. The conductivity has only a slight dependence
on po,over a wide range. At x =0.05, a slight increase
in conductivity, observed in the reducing atmosphere,
is consistent with the difference between the conduc-
tivities in hydrogen and in air as shown in Fig. 2.

3.3. Electrochemical and Thermoelectric Properties

Figure 4 shows the EMF observed for the cell (1) at
800°C. The dashed line indicates 1/100 of the theoret-
ical EMF calculated from the Nernst equation:

RT
ETheo =—1In Pi,1 .
2F  pmn

“)

Since the water vapor pressures in the two electrode
compartments were the same, the equation would hold
both for oxide-ionic and protonic conductors. Very
small EMFs, at most, about 1/100 of the theoretical
value (x =0.05), were obtained. The measured EMFs
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Fig. 4. EMF of the cell: Hp, Pt| SrTij_Ru,O3_s|Pt, H, + Ar (x =
0.05-0.20), measured at 800°C; the dashed line indicates 1/100 of
the theoretical EMF calculated from the Nernst equation.

for cell (2) at 600—1000°C (with the theoretical volt-
ages of 3042 mV) were very low and difficult to mea-
sure accurately. Therefore, the conductivities shown in
Figs. 2 and 3 appear to be largely electronic.

Seebeck coefficients of SrTi;_,Ru,Oz_s (x =0.05—
0.20) measured in air from 600 to 900°C were negative
suggesting that the n-type charge carrier governs the
conductivity.

The permeation rate of hydrogen from the moist
100% hydrogen to the counter sweep gas through
StTiggoRug 1003-5 are shown in Fig. 5. There is a
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Fig. 5. Evolution rate of hydrogen in Ar carrier gas for
H;|SrTip.90Rug,1003—5|Ar atmosphere with different water vapor
pressures in the carrier gas.
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measurable permeation of hydrogen, and the evolution
rate of hydrogen increases as the operating tempera-
ture and the water vapor pressure in the counter carrier
gas increase. When the oxygen permeation was con-
ducted on the same specimen, no evolution of oxygen
was experimentally detected in the outlet gas.

4. Discussion
4.1. Electronic Conduction

The conductivity of Ru-doped SrTiOj3 significantly in-
creases with the Ru content as shown in Fig. 2, and
is almost independent of pq, as represented in Fig. 3.
According to the electrochemical and thermoelectric
measurement results, almost all the conduction is based
on n-type electronic charge carriers.

The po,-independent behavior of the electronic con-
ductivity is remarkably different from those of other
StTiOs-based materials. Either pure or doped SrTiO3
generally shows po,-dependent electronic conduction
at high temperatures [7, 10, 11]. Undoped SrTiO3 has
n-type conduction over a wide range of po, as well
as p-type conduction near po, =1 atm [10, 11]. The
n-type charge carriers are formed by the following de-
fect equilibrium,

Tiy; + 1/205 < Tif; + 1/2V5 +1/40,.  (5)

The conductivities of SrTigosRug 5035 (x = 0.05)
were roughly at the same level as those of undoped
SrTiOj3 in the low po, region. Its negative slope in con-
ductivity observed in Fig. 3 may be ascribed to the
reduction of Ti shown in Eq. (5). On the other hand,
the conductivities obtained at x =0.10 and 0.20 are
much higher than those of pure SrTiOs. Thus, the po,-
independent conductivity of Ru-doped SrTiO; is due
to Ru doping.

Ru can have three valence states in the six-
coordination state: Ru*t, Ru*t and Ru>* [8, 12, 13].
As discussed later, Ru and Ti in the Ru-doped StrTiO;
would have an average valence of nearly 4. The follow-
ing reaction can be assumed to occur locally around Ru,

Ti*t + Ru*t «— Ti** + Ru™. (6)
The reaction represents the donation of an electron

from the 4d orbital of Ru** to the empty 3d orbital
of Ti**. The donated electron is mobile through the

Ti 3d-like conduction band, contributing to the po,-
independent n-type conduction.

4.2. lonic Conduction

The electrochemical measurements suggest some ionic
contribution in the reducing atmosphere. In the hydro-
gen permeation experiment, the evolution of hydrogen
at the counter compartment was observed and was de-
pendent on the py,o in the carrier argon gas. These
facts indicate that Ru-doped SrTiO; has oxide-ionic
conduction via oxide ion vacancies. When the proton
is the charge carrier, the evolution rate should be in-
dependent of py,0. Accordingly, in this experiment,
hydrogen did not actually permeate through but origi-
nated from the electrolysis of water vapor in the carrier
gas. The energy for the electrolysis of water vapor is
compensated by water formation on the hydrogen side.
Oxide ion vacancies can be generated by either the
reduction of Ru or Ti,

M} + 1/20% — My, + 1/2V
+1/40, M=Ruor Ti). (7)

The ionic contribution in the reducing atmosphere
discussed above is quite low as indicated by the small
EMFs of the hydrogen concentration cell, see Fig. 4.
Almost no ionic contribution was observed in the ox-
idative atmospheres. Therefore, there is a relatively
small oxide ion vacancy contribution and Ru and Ti
have an average valence of nearly 4 in the compounds
under both reducing and oxidative atmospheres.

From the present results, Ru-doped SrTiOj3 is char-
acterized by a relatively high and po,-independent
electronic conductivity. The low ionic conductivity
may possibly be improved by the co-substitution of
alower valent cation for Ti**. The present material has
high mechanical strength and is stable against reducing
atmospheres. In fact, no degradation was observed dur-
ing many experiments using the various atmospheres
described above. Ru-doped SrTiOs, therefore, warrants
further examination as a base material for electrochem-
ical and electronic applications.
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