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Abstract A-site deficient lanthanum titanate (La,;TiO5)
materials with perovskite structure are attractive due to their
electrical applications such as ion conductors and dielec-
trics. However, its stability at room temperature in air is
obtained only if Na or Li etc. is incorporated into La site or
Al into Ti site. In this study, the electrical conductivities of
Lag ¢33(Tig.05Al0.05)O3 have been measured in oxygen
partial pressure (Po,) between 1 and 107'® atm at
1000~1400°C. The electrical conductivity exhibited —1/4,
—1/6 and —1/5 dependence (log o « log Pp, , n=—1/4, —1/6,
—1/5) depending upon temperature and Po,. The defect
model explaining the observation was proposed and
discussed. The chemical diffusion coefficient was estimated
from the electrical conductivity relaxation.

Keywords La2/3TiO3 - Lanthanum titanate -
Electrical conductivity - Defect model - Diffusion coefficient

1 Introduction

Perovskite-related compounds have been extensively studied
since they are very interesting materials in the current science
and technologies. La,;3TiO5-based compounds with an A-
site deficient perovskite-type structure are attractive due to
their electrical applications such as ion conductors and
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dielectrics [1-5]. Pure La,;3TiOsz, however, cannot be
prepared in air [6] and a mixture of La,Ti,O; and
La,TigO,4 was obtained during cooling after high temper-
ature sintering [1]. Abe and Uchino prepared La,;TiO;.5
perovskite with oxygen nonstoichiometry, 8, ranging from
0.007 to 0.079 under reduced oxygen pressures and
examined the crystallographic properties [7]. The structure
is of interest since the ordering of cation vacancies and thus
superstructure along the c-axis was observed. This com-
pound, however, is not suitable for dielectric use because of
its high electrical conductivity due to the Ti®" generated
under reducing oxygen pressures [2].

The perovskite structure also was formed by addition
of Na or Li to La,;sTiO3 [8]. A-site vacancy concentra-
tion decreased with the incorporation of Na or Li into La
sites. The Li-added compound obtained was known to
show high Li ion conductivity [9]. The partial substitution
of AI*" for Ti*" in La,;TiO; also decreased the cation
vacancy concentration and stabilized the perovskite struc-
ture [2]. Among the Lagy)3Ti; ALO;3 solid solutions
(x=0.05~0.20), the La0.683(Ti0_95A10.05)03(x=0.05) mate-
rial exhibited the highest conductivity.[l1] However the
detailed electrical properties of the Lag ¢g3(Tig.905Al0.05)O03
have not been investigated. The slow equilibration and
thus long experimental times required for the Ti-containing
compound also make the measurement of electrical con-
ductivity difficult. The addition of La,;TiO; into other
perovskite material has been used to generate an elec-
tronic conductivity at high temperature as shown for
the system [Lag oSt 1Alg9Mgo.103]1-[Lay;3TiOs], (x=0-
0.30). The mixed p-type and oxygen-ionic conductor,
Lag 9Srg 1Alg 9Mg( O3, transformed into the mixed n-type
and oxygen ion conductor or pure n-type conductor
depending upon x (La,/;;TiO3 content) at e.g., 1200°C [10].

In this study, we have measured the impedance of
Lag ¢33(Tig.95Al0 05)O3 between 400 and 1000°C in air and
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thus examined the grain and grain boundary contributions
of conductivity. The oxygen partial pressure (Po,) depen-
dence of electrical conductivity was measured in 10 '%<Po,
<1 atm at 1000~1400°C using four-probe dc technique. The
defect model of the material was discussed. From the equil-
ibration kinetics, the chemical diffusion coefficient was also
estimated.

2 Experimental

Lag ¢33 Tip.95Al0.0505 (hereafter LTA0S) samples were pre-
pared by solid-state reactions of La,Os (99.9%, Strem
Chem., USA), TiO, (99.9%, Aldrich, USA) and Al,O3
(99.9%, High Purity Chem., Japan) powders. La,O3; was
pre-fired at 1000°C for 4 h to remove the surface water.
Starting powders were weighed and ground with ethanol in
an agate mortar. The mixture was calcined at 1300°C for
4 h in air. The calcined powder was reground and then formed
into a disc-shape by die pressing, followed by isostatic
pressing at 200 Mpa for 5 min and sintered at 1400°C for
8 h in air. The cooling rate was 3 C/min. The phase was
identified by X-ray diffraction analysis. Sintered density was
measured with the Archimedes method.

Impedance was measured by two-probe method using
HP4192a (Yokogawa Hewlett-Packard, Japan) and Solartron
1260 (Schlumberger Technologies, England) at 400~1000°C.
The pellet-shaped sample used for the impedance mea-
surement has a dimension of 0.81 cm (diameter)x0.24 cm
(thickness). Four-probe dc electrical conductivity, using
platinum-paste (Engelhard model No.6926, USA) electrodes,
was measured with varying temperature (1000~1400°C) and
Po, (1~10""®atm). The rectangular-bar shaped sample had a
dimension of 0.22x0.40x0.60 cm. The sample resistance
was calculated from the slope of current—voltage curve,
obtained by applying current using a current source (Keithley
model 220, USA) and measuring a resultant voltage drop
using voltmeter (Keithley model 196, USA). The Po, values
between 1 and 10> atm and those below 107> atm, res-
pectively, were controlled by mixing O, and Ar gases, and
CO and CO, gases using mass flow controller. The Po, was
also checked by a zirconia oxygen sensor. Gas flow rate was
maintained at 100 cm®/min. The electrical conductivity
was measured after sample reached an equilibrium, which
usually took ~20 h at 1000°C. The Po, was subsequently
changed to the lower value for the next measurement.

3 Results and discussion
The sintered density of sample was ~98% of theoretical

density. X-ray diffraction pattern of LTAOS5 showed the
perovskite having a superstructure with a c-axis doubled
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(Fig. 1). It is noteworthy that AI** substitution indeed
stabilized the perovskite structure. No second phase was
found. Figure 2 shows SEM micrographs of thermally-
etched (1300°C/1 h in air) surfaces of LTAOS, sintered at
1400°C for 8 h in air. The sample was dense and the grain
size was 4.3£0.4 pum as determined using the linear
intercept method.

Figure 3 shows a typical impedance pattern for LTA05
measured at 500°C in air. Two semicircles were observed
that were easily separated. The frequencies and capacitance
values at the peaks of semicircles were indicated and they
were 61 kHz and ~2.4x10'"" F (relative permittivity,
£~126), 12 Hz and ~5x107° F (effective relative permit-
tivity~2.6 x 10%), respectively, for the semicircles located at
the high and the low frequencies. Judging from the
capacitance values, the grain resistance (R,) and the grain
boundary resistance (Rg,=Ri—R,, where R, is the total
resistance), respectively, can be estimated from the high-
frequency and the low-frequency intercepts with real axis.
The small semicircle for the grain process and the large
semicircle for the grain boundary process indicate that the
R, is much smaller than Ry,

Figure 4 shows the temperature dependence of the grain,
the grain boundary, and the total conductivity. The grain
conductivity obtained in this study (10*° S/cm at 700°C)
was slightly lower than the reported value (10~*' S/cm) [1].
The grain conductivity increased with temperature and was
smaller than the grain boundary conductivity above ~700°C.
Thus the total conductivity was mostly controlled by the
grain boundary conductivity below 700°C and by the grain
conductivity above 700. At 900°C, the grain boundary
conductivity was much higher than that of the grain and thus
the measured conductivity at or above 1000°C with four-
probe dc technique was assigned as the grain conductivity.
Yoshioka and Kikkawa have measured the EMF value of the
concentration cell (O,/air) using LTAO05 sample and
obtained the ionic transference number of 0.99 at 500°C

LaO.683TI0.95 AI0.0503
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Fig. 1 XRD pattern of LTAOS sintered at 1400°C for 8 h in air
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Fig. 2 SEM micrographs of thermally-etched (1300°C/1h in air)
surfaces of LTAOS5, sintered at 1400°C for § h in air

and 0.62 at 600°C [1]. Thus LTAOS is a predominantly
ionic conductor at or blow 500°C and the electronic
conductivity increases rapidly with temperature. Assuming
a linear change of the ionic transference number with
temperature, we expect that the material is an electronic
conductor at or above ~800°C. The activation energies of
the grain conductivity were 0.51+0.02 eV and 1.55+0.03
eV, respectively, at low temperature (400-550°C) and at
high temperature range (800—1000°C). Thus 0.51 eV and
1.55 eV, respectively, are the activation energies of the ionic
and the electronic conductivities. It was also shown that the
protonic contribution was not shown, judging from the
insensitivity of the conductivity to the flowing gases [1].
Figure 5 shows the electrical conductivity, mostly the
electronic conductivity due to grain as discussed above,
versus Po, (1-107'® atm) for LTAO5 between 1000 and
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Fig. 3 Impedance patterns of LTAOS measured at 500°C in air. The
resistance values (R in ) can be transformed into the resistivity
values (p in Qcm) -) by multiplying R with the size factor of the
sample [4 (Area)/t (thickness)=2.15 cm], i.e., p=R-A/1)
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Fig. 4 Temperature dependence of the grain (square), the grain
boundary (circle) and the total (friangle) conductivities for LTAOS5
measured in air. The activation energies of the low temperature and
the high temperature grain conductivity were also indicated. Data
points are simply connected with lines for visual guide

1400°C. In a high Po, region (>10° atm), the electrical
conductivity exhibited —1/4 slope (o = Po, /*). In a low
Po, region (<10* atm), the slopes were —1/6 or —1/5
depending upon temperature. Numerical values of slopes
are shown in Table 1 with Po, and temperature. The slopes
varying between —1/4 and —1/6 have been found for the Ti-
containing compounds such as TiO, [11], BaTiO; [12], and
SrTiO3 [13]. The defect model, which is generally used to
explain the observed conductivity behavior for the Ti-
containing compounds, might be used for the explanation
of the current data. At a low temperature (<1200°C) in Po,
between 10™* and 107'? atm, the observed —1/6 slope can
be explained considering the generation of electrons and the
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Fig. 5 Electrical conductivity of LTAO5 as a function of oxygen partial
pressure (1-10'%°atm) at 1000-1400°C. Solid lines are linear fitting
curves. The —1/4, —1/5, and —1/6 slopes are shown for visual guide

@ Springer



130

J Electroceram (2008) 20:127-132

Table 1 The experimental values of various slopes (n in log o « P5")
of LTAOS at 1000~1400°C.

Table 2 Activation energy values of electrical conductivity in a
various oxygen partial pressures for LTA0S.

High Po, (>10 * atm) Low Po, (<10* atm)  Po, 1 atm 10%atm 10 %atm 10 ' atm 10> atm
1000°C 1/4.4 1/6.1 Activation  1.76+ 1.90+ 2.15+ 222+ 233+
1100°C 1/4.2 1/5.6 energy 0.03 0.03 0.07 0.07 0.08
1200°C 1/4.2 1/5.5 (eV)
1300°C 1/4.0 1/5.2
1400°C 1/3.9 1/5.0 These values were obtained using the least-square fitting of the data

These slopes were obtained using least square fitting of the data
shown in Fig. 5.

doubly-charged oxygen vacancies as a result of the oxygen
reduction. The accidental acceptor may generate the
additional oxygen vacancies and explains the observed
—1/4 slope in 1<P0,<10"> atm region. At high temperature
(>1300°C) in low Po, (10"?-10"* atm), the —1/5 slope was
observed. The transition of slope from —1/4 to —1/6 may
explain the —1/5 slope. The generation of other defects may
also explain the —1/5 slope. For example, for TiO,, the —1/5
slope was sometimes explained assuming quadruply-
charged Ti interstitial. However, Ti interstitial may not be
possible in the perovskite structure. The —1/5 slope is also
possible if we assume the co-existence of the singly-
charged and the doubly-charged oxygen vacancies.

Figure 6 illustrates the temperature dependence of the
electrical conductivity for LTAOS in various Po, and Table 2
shows the calculated activation energy. The activation
energy was 1.76 eV in pure oxygen atmosphere and
increased gradually to 2.33 eV at Po,=10"'? atm. The
small activation energy (1.76 and 1.90 eV) was observed
in the Po, range (1~107 atm) where —1/4 slope was
calculated. According to the defect model discussed above,
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Fig. 6 Temperature dependence of the electrical conductivity for
LTAO5 with various oxygen partial pressures: (a) 1 atm, (b) 10~ atm,
(¢) 10°® atm, (d) 107'° atm, and (e) 10 '* atm. Solid lines are linear
fitting curves
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shown in Fig. 6.

the activation energies correspond to AHg/2 in this partial-
pressure range, where AHy is the reduction enthalpy
oxygen ion, However due to the changing slope from —1/6
to —1/5 with temperature in low Po, between 10 ' and 10
atm, the activation energy values were 2.15~2.33 eV.

Figure 7 shows the typical electrical conductivity recorded
after oxidation (air—oxygen) and reduction (oxygen—air)
with time at 1100°C. In either case, the equilibration took
long time (>~7 h), that is often the case for the Ti-containing
materials. As can be seen, LTAO5 equilibrated after ~50 h
during oxidation and ~7 h during reduction. The long
equilibration time made the experiment difficult and tedious.
The slow equilibration for the other Ti-containing compound
is known, for example, for BaTiO3 [14] and SrTiO3 [15] and
it was attributed to the slow chemical diffusion. For donor
(e.g., Nb)-doped BaTiOs, the slow equilibration (several
hours) near 700°C was ascribed to the suppression of oxygen
vacancy concentration [14]. On the other hand, the equili-
bration time of TiO, in high Po, (>~3 kPa) was ~1 h
at 767°C and thus much faster than that of the current
LTAOS sample [16]. The fast equilibration was shown for
Lag g5Srg 15sMn0O5_5, a popular cathode material for solid
oxide fuel cell, in Po, below 10" atm [17].

The equilibration time generally depends upon the
kinetics of surface exchange and bulk diffusion. The slow
equilibration may mean the slow surface-exchange kinetics
or the slow bulk diffusion. For the present sample, the
reduction was much faster than the oxidation, implying that
either the surface-exchange or the chemical diffusion
kinetics in the reducing atmosphere is faster than that in
the oxidizing atmosphere. For La;_Sr,Co;_,Fe, O3 (LSCF]
[18] or Ba;_Sr,Co;-,Fe, O3 (BSCF) [19] materials, both
the surface-exchange coefficient (k) and the chemical
diffusion coefficient (Dgpem) decreased with the decreas-
ing oxygen partial pressure (Poy). On the contrary, for
La;_ Sr,MnO; (LSM), both the k£ and the D, values
increased with the decreasing Po, [17]. Although the
direction of change in the k and the Dy, values upon the
Po, change is different, the k& values were proportional to
the Dghem values for LSCF, BSCF and LSM. The
proportionally was also demonstrated for the perovskite
materials such as LSM and LSC (La;_,Sr,CoO3) with
empirical relation: k « Depem®> [20]. It was suggested that
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Fig. 7 Typical electrical conductivities for LTAOS5 recorded during
oxidation (air — oxygen) and during reduction (oxygen — air) at
1100°C. Data points are simply connected with lines for visual guide

the vacancy concentration is of prime importance in
determining the magnitude of the surface exchange
coefficient as well as the diffusion coefficient [20]. With
this assumption of the proportionality between k and
D¢hem, the faster equilibration in the reduction process is
explained by the higher values of k£ and Dpep, in low Po,
(air) than in high Po, (oxygen).

The observed, different equilibration times for the oxida-
tion and reduction are noted. For TiO,, the equilibrium times
for the oxidation (2.8—>55.5 kPa) or the reduction (55.5-
>20.6 kPa) were nearly the same [16]. The equilibration
times for the reduction and the oxidation were also nearly the
same for Lag gsSrg 1sMnO;_5 or Lag 651 4Co; -, Fe, 055 [17].
The reduction (CO/CO, ratio 1/1—>2/1) time was ~1/2 h for
Lag g5S19.1sMnO3_s at 1000°C [17]. For Lag 5Sry 5Co03, the
conductivity relaxation was much faster during oxidation
process than that during reduction process. Substantial
differences in the Dg,.m and the &k values were found. For
the oxidation reaction from 0.01 to 1 atm at 619°C, D,em=
1.49x10® cm?/s, and k=7.40x10* cm/s, for the reduction
reaction from 1 to 0.02 atm, Dgyern=1.09%10"° cm?*/s, and
k=1.71x10"* cm/s were found. Thus, ~1.4 times and ~4.3
times higher values were shown for the oxidation reaction
than that for the reduction reaction. The difference in the
relaxation times between the oxidation and the reduction was
attributed mostly to the pressure dependence of the surface
exchange reaction [21]. The final Po, of the gas switch,
irrespective of gas switch direction, determined the kinetics
of the conductivity relaxation process [22].

It is not clear which process is the rate limiting process
for the present sample between the surface-exchange
kinetics and the bulk diffusion. However, for BaTiO; and
SrTiO;, that are two similar Ti-containing perovskite
compounds, the chemical diffusion was the rate limiting
process as mentioned above. Thus, the Dy, value can be

estimated from the change in the electrical conductivity
with time assuming the surface-exchange kinetics is not rate
limiting, following the equation given by Baumard [23];

loe |1 Aoy o 512 72 Dehemt
& Aoy | & 2 9.2

1 1 1
X (a—z + 5] + C_Z) (1)
where Aoy is the total change in the conductivity of the
sample when the new equilibrium state was established and
Ao, is the total change in the conductivity of the sample at
time 7. The parameters a, b and ¢ are one-half of the each
dimension of the sample for the brick-shaped specimen. Eq.
1 requires the following assumptions; that is (1) the
mobility of charge carrier is independent of defect
concentration and (2) the ionization of defect does not
change in the concentration range.

The chemical diffusion coefficient can be determined
from the slope of log[l — Ao,/ Aocy] versus time plot as
shown in Fig. 8. As can be seen, under oxidizing condition
(0.21 — 1 atm) the Dgper, of LTAO5 was (6.23+0.18)x 107
ecm® s~ and under reducing condition (1 — 0.21 atm) the
Denem value was (5.24+0.07)x10°7 em? s~ '. The Depem
value during reduction was ~8 times higher than that during
oxidation. The observation may be explained by the
difference in the magnitude of the electrical conductivity
in reducing and oxidizing condition. The oxygen vacancy
concentration is much higher in reducing condition as
shown by the high electrical conductivity. Thus, fast
equilibration was possible when the sample was exposed
to the reducing gas since the sample surface becomes the
high diffusivity state.
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Fig. 8 Logarithmic plots of the electric conductivity change for
LTAOS. Figure 7 was re-plotted to obtain the kinetic parameter. Solid
lines are linear fitting curves
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4 Conclusions

The electrical conductivity of Lag ¢g3Tip95Alg.0503 (LTA0S)
was measured between 1000 and 1400°C in a wide Po, range
(1-10""® atm). Under oxidizing condition (1~10"> atm), the
electrical conductivity followed the —1/4 slope (o « Po, '%).
Under reducing condition, the electrical conductivity followed
the —1/6 or the —1/5 slopes depending upon temperature. The
observation was explained by the proposed defect model. The
activation energy in oxidizing or reducing atmosphere was
estimated. The equilibrium rate of the electrical conductivity
under reducing condition was faster than that under oxidation
condition. Assuming the surface-exchange kinetics is suffi-
ciently fast, the chemical diffusion coefficient (Dgpepn) 0f
LTAO5 was estimated. The Dcpen, for the reduction [(5.24+
0.07)x107 ecm® s ') was ~8 times greater than that for the
oxidation [(6.23+0.18)x10® em* s ].
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