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Abstract

The electrical properties of Ba>" and Mg>" doped LaGaOs perovskite oxide were investigated. Doping with either
Ba’" or Mg”>" enhanced oxygen ion conductivity. The grain boundary resistance decreased with increasing Mg>"
concentration due to a reduced second phase concentration. The activation energy for oxygen ion conduction is
much higher in a low-temperature region than in a high-temperature region.

1. Introduction

Oxygen ion conductors have attracted much attention as
functional materials for technical applications (e.g.,
solid oxide fuel cells, oxygen sensors). It is well known
that oxides with fluorite structure such as Y,Os-stabi-
lized ZrO, (YSZ), exhibit good oxygen ion conductivity
[1]. However, the high operating temperature (above
1000 °C) for YSZ reduces the reliability and restricts the
choice of materials for fuel cell stacking. Therefore, the
development of an oxide with high oxygen ion conduc-
tivity at reduced temperature (below 1000 °C) is of great
importance. A doped ceria electrolyte shows high
oxygen conductivity at reduced temperatures. However,
a ceria-based electrolyte exhibits electronic conduction
in a reducing atmosphere, which decreases the open
circuit voltage from the theoretical value [2]. Conse-
quently, there is a need for new electrolyte materials
with high oxygen ion conductivity over a wide oxygen
partial pressure range, as well as at reduced tempera-
tures.

It has been reported that the doped LaGaO; per-
ovskite oxides show high oxygen ion conductivity and
also allow a wider range in the choice of electrode
materials than fluorite structure electrolytes [3-5]. In
particular, LaGaO; doped with Sr’t and Mg>" was
recently reported to exhibit superior oxygen ion con-
ductivity to that of YSZ [6-8]. However, most recent
investigations have been focused on La;_.Sr.Ga;_,-
Mg, O;_; system (LSGM).

Stevenson et al. reported that the oxygen ion conduc-
tivity of Lagg9Bag.10Gag.goMgo.2003-s was similar to
that of Lao_gosr().loGaO.goMgo'z()O}_(j and the thermal

expansion coefficient value of LaggoBag10Gaggo-
Mgy -,003_s was higher than that of LagggSrg 10Gag go-
Mg0.2003_5 [9] HOWCVCI', the Lal_XBaXGal_yngO3_5
system (LBGM) has not been further investigated. In
this work we have studied the electrical properties of
the La,_,Ba,Ga;_,Mg,O3_s system with variation with
Ba®" and Mg”>" concentration.

2. Experimental procedure

The LBGM samples were made by solid-state reaction.
La,O5 (>99.9%), Ga 05 (>99.9%), BaCO;5; (>99.9%),
and MgO (>99.9%) were used as starting materials.
Before weighing, La,0O; and MgO were fired at 1000 °C
for 1 h in order to remove hydroxides and carbonates.
The required amounts of batch powders were thorough-
ly mixed in an agate mortar. Pellets were made from the
mixed powders and then fired at 1100 °C for 5 h in air.
After regrinding, the mixture was pressed isostatically
into bar-type and disc-type specimens. The specimens
sintered at 1500 °C for 10 h in air and were examined by
powder X-ray diffraction (Rigaku Rint 2700). The
microstructures of the sintered specimens were observed
using SEM (Hitachi S-2700). The electrical conductivity
of the specimens was measured as a function of
temperature (400-1200 °C) by the conventional dc
four-probe method. Two-probe impedance spectroscopy
was used to separate the grain-boundary contribution
from the overall conductivity with an impedance ana-
lyzer (Solatron 1260A). The frequency range used in all
the experiments was 0.1 Hz—3.2 MHz and the amplitude
of the input sine-wave signal was 50 mV.
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3. Results and discussion
3.1. Powder X-ray diffraction

Figure 1 shows the X-ray diffraction patterns of
La0,95Ba0.05Gal_yngO3_5 (y = 0, 005, 010, 015,
0.20, 0.25, 0.30). A single phase was observed for all
compositions of the LagosBag¢sGa;_,Mg,03_s system
except for Lag g9Bag 0sGa0s3_s (LBGM-0500) and Lag 9s-
Bao'osGao_gsMg0‘0503_5 (LBGM-OSOS) This means that
the solubility limit of Ba®>" on the La’" sites in LaGaO,
system is below 5 at % at 1500 °C sintering condition.
The secondary phase of Lag ¢sBag ¢sGa;_,Mg,03_s sys-
tem is recognized as BaLaGa;0, (JCPDS 24-0107). The
result that no diffraction peak of secondary phases was
observed at compositions which contained more than
10 at % Mg>" dopants implies that the solubility limit
of Ba®" on the La>" sites increases by substituting Mg*"
on Ga’" sites in LaGaOs system. This is similar to the
result from the X-ray diffraction patterns of Lagoo-
BaOIOGal_yMg)Og s(» = 0,0.05,0.10, 0.15, 0.20, 0.25,

0.30) in Figure 2. The solubility limit of Ba2+ on the
La’" sites increases up to 10 at % as the substitution
amount of Mg”" on Ga’" sites increases to over
20 at %. In addition to BaLaGa30; another unknown
peak was detected at compositions which contained less
than 20 at % Mg*" dopants. This unknown secondary
phase is thought to be BaLaGaOQ, since the peak shows
a similar pattern to SrLaGaO,4 (JCPDS 24-1208). Huang
et al. also reported that SrLaGas;05 and SrLaGaO,4 were
formed as secondary phases in the La;_,Sr,Ga,_,

Mg, Os_; system [10]. However, further studies may be
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Fig. 1. X-ray diffraction patterns of Lag¢sBag sGa;_,Mg,03_s for y
values; y = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 sintered at 1500 °C for
10 h.
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Fig. 2. X-ray diffraction patterns of LagoBag 10Ga;-,Mg,03_s for y
values; y = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 sintered at 1500 °C for
10 h.

required since there has been no investigation on the
BaLaGaOy, phase.

3.2. Oxygen ion conductivity

The electrical conductivity of the specimens was mea-
sured in a tube-type furnace to observe the effect of the
atmosphere on the electrical conductivity by the con-
ventional d.c. four-probe method.

The ionic conductivity of solid electrolytes, o, is
represented by four terms (carrier concentration, C,
carrier charge, Ze, where Z is the valence and e is the
electronic charge, and carrier mobility ).

o= CZeu (1)

The carrier mobility is given by the Nernst—Einstein
relationship [11] between mobility and diffusion coeffi-
cent, D:

ZeD

T 2)

'u =
where k is the Boltzmann constant and 7 the absolute
temperature. The diffusion coeflicient D = Dy exp(—AG/
kT) contains the motional free energy AG = AH — TAS

for a jump to a vacant site. Combining Equation 1 with
Equation 2 gives

oT = Aexp( fT> (3)
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Fig. 3. Arrhenius plots of LagosBagsGa;—,Mg,05_; for y values;
y = 0.10, 0.15, 0.20, 0.25, 0.30 in N».

where

2.2
A= CZkaov exp (A:) 4)

In this equation, ag is the jump distance and v is Debye
frequency.

The oxygen ion conductivity values of LagosBagos-
Ga;_,Mg,0;5_s5 (v = 0.10, 0.15, 0.20, 0.25, 0.30) and
Lao_goBaO.loGal_},ngO:;_(s (_)/ = O, 005, 010, 015, 020,
0.25) are plotted in Figures 3 and 4, respectively,
according to Arrhenius (Equation 3). In the LBGM
system, doping with aliovalent cations such as Ba>" and
Mg " results in the formation of oxygen vacancies which
are the channel of oxygen ion hopping according to

1
BaO — Baj, + Oo + EVO (5)
and
1
MgO — Mgg, + Oo + EVG (6)

Thus it is thought that the increase in oxygen vacancy
concentration due to the substitutions of cations with
lower valence makes a contribution to the increase in
oxygen ion conductivity. This is also supported by the
fact that there is wide difference in oxygen ion conduc-
tivities between LaggoBag 10Gag9sMgg0503_5 (LBGM-
1005) and Laj 9oBag 10Ga0O;_s (LBGM-1000) doped no
Mg”" in Figure 4.

The a.c. impedance spectra of LagooBag0Ga;_,-
Mg, 0s_5 (y = 0, 0.10, 0.20) measured at 300 °C in N,
are shown in Figure 5. The a.c. impedance data can be
resolved into three distinct arcs: a bulk arc at high
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Fig. 4. Arrhenius plots of LaggoBag 10Ga;—,Mg,05_; for y values;
y = 0,0.05, 0.10, 0.15, 0.20 0.25 in N,.

frequencies (associated typical capacitance value around
1 pF), a grain boundary arc (associated typical capaci-
tance value around 1 nF), and an electrode arc at low
frequencies.

The grain boundary resistance (Ry,) decreased with
increasing Mg>" concentration. In other words the
density of grain boundary decreases with increasing
Mg>" concentration. The composition LagooBag 1o-
Ga goMgo 20055 (LBGM-1020) was single phase, while
second phases were detected at the composition
Lag 99Bag.10Ga03_s (LBGM-1000) and the composition
Lao_goBaO.loGao'goMgo_loo:;_(j (LBGM-lOlO) as shown
in Figure 2. The density of grain boundary increases
since the second phase such as BalLaGa;0; formed at
grain boundary hinders the grain growth. This result is
consistent with the SEM microstructures in Figure 6.
With increasing Mg”>" concentration, the grains grow
bigger from 3—4 um to about 25 um because of reduced
second phase concentration, according to the increase in
solubility limit of Ba®" for La®" sites.

Meanwhile, the oxygen ion conductivity values of
the LBGM system were slightly lower than that of
Lao'gosro_zoGao_80Mg0.2003_5 (LSGM-2020) as shown in
Figure 4. This is because the maximum solubility limit
of Sr?* for La’™ sites in La;_,Sr,Ga;_,Mg,Os_s system
is x = 0.20, while that of Ba®' for La’" site in
La,_.Ba,Ga,;_,Mg,0;_s system is x = 0.10. However,
the oxygen ion conductivity values of the LBGM system
are still higher than that of YSZ. Especially, the oxygen
conductivity value of LagygoBag 10GaggoMgg-003_s
(LBGM-1020) was 0.114 Q 'cm™" at 800 °C, which is
comparable to that of YSZ at 1000 °C. Consequently,
the LBGM system is promising material as solid
electrolyte for reduced-temperature ceramic fuel cells.
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Fig. 5. AC impedance spectra of Lag9oBag.10Ga;-,Mg,O3_s with Pt electrode at 300 °C in N»: (a) y = 0 (b) y = 0.10 (c) y = 0.20.

Figure 7 shows the effects of Ba®" doping in
Lal,XBaXGaOASOMgOQOOy(s (X = 0, 005, 010, 015)
The oxygen ion conductivity increased with increasing
Ba>" concentration and then decreased at LaggsBag i5-
Gag goMgo 2003_s (LBGM-1520). This probably results
from the formation of second phases, which hinder
oxygen ion conduction.

Figure 8 shows the electrical conductivity values of
the compositions in which no second phases were
detected. Although the concentration of oxygen vacan-
cies originating from Ba®" and Mg*" doping was much

higher, the oxygen ion conductivities of LaggsBag1s-
G30A75Mg0.2503,(5 (LBGM-ISZS) and Lao_goBaQ.lo-
Gag 70Mgo 30035 (LBGM-1030) were lower than that
of Lao'goBaO.loGao'goMg0_2003_5 (LBGM-IOZO) This
result might be caused by association between dopant
cations and oxygen vacancies, oxygen vacancies order-
ing, or structural distortion due to excessive formation
of oxygen vacancies.

This is also explained by the same reason that
the oxygen ion conductivity of LagosBagosGag7o-
Mgy 3003_s (LBGM-0530) is lower than that of Laggs-



Fig. 6. SEM microstructures of Lag9oBag 10Ga;_,Mg,0s_s after ther-
mal etching at 1350 °C for 1 h: (a) y = 0 (b) y = 0.10 (c) y = 0.20.

Ba0.05Ga0_75Mg0_2503_5 (LBGM-0525), and the oxygen
ion conductivities of LagygoBag 10Gag75sMgg2505-5
(LBGM-1025) and Lao'goBaO'10G30.70Mg0.3003_5 (LB-
GM-1030) are lower than that of LaggoBag 10Gag go-
Mgy -003_s (LBGM-1020) in Figures 3 and 4, respec-
tively. This means that there might be a critical point of
the amount of oxygen vacancies showing maximum
oxygen ion conductivity, and the optimum amount of
oxygen vacancies showing the highest oxygen ion
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conductivity in single phase LBGM system is about
15 at %.

Figure 9 shows the electrical conductivity of Lag go-
Bag 10Gag goMgg2003_s (LBGM-1020) as a function of
oxygen partial pressure. The electrical conductivity was
almost independent of the oxygen partial pressure. This
suggests that this Ba>* and Mg>" doped LaGaO; pero-
vskite oxide is almost a pure oxygen ion conductor over
a wide range of oxygen partial pressure.
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Fig. 9. Electrical conductivity of LaggoBag 10GaggoMgo2003-5 as a
function of oxygen partial pressure. Temperature: (O0) 1000 °C, (O)
800 °C and (2) 600 °C.

3.3. Activation energy

The Arrhenius plot of log (¢7) against 1/7T should yield
a straight line of slope —F, /k if activation energy E, is
independent of temperature in Equation 3. However, as
shown in Figures 3, 4, 7 and 8, the Arrhenius plots are
curved with different slopes in the high-temperature and
low-temperature regions. This slope change has also
been reported in LSGM system [9, 10, 12]. The
activation energy (E,) for oxygen ion conduction is
usually the sum of a migration enthalpy (AH,,) and an
association enthalpy (AH,). In a low-temperature re-
gion, both are present due to association between
dopant cations and oxygen vacancies, but in a high-
temperature region, only a migration enthalpy (AH,,) is
left since coulombic forces between dopant cations
(negative defects) and oxygen vacancies (positive de-
fects) decrease due to increased thermal energy. There-
fore, the activation energy for oxygen ion conduction is
much higher in a low-temperature region than in a high-
temperature region.

The calculated activation energies are listed in
Table 1. To exclude the effect of grain boundaries by
second phases, the activation energies were calculated
from oy, data measured by a.c. impedance spectro-
scopy. The activation energies of oxygen migration in
LBGM system were measured as 0.52-0.67 eV. These
values are lower than those in LSGM system, 0.66—
0.82 eV [9, 10, 12], but similar to those of LaggoSrg 10-
COO3_(§ (051 CV) and La()ig()sr()iz()COOj,_(; (059 CV) [13]
This difference may be due to the variation of the
temperature range measured. As mentioned above, the
activation energy in a high-temperature region can be

Table 1. Activation energies for Ba>* and Mg?>* doped LaGaO;

La,_.Ba,Ga,; ,Mg,03_; High Low
temperature temperature
activation activation
energy/eV energy/eV

Notation X y

LBGM-0020 0.00 0.20 0.58 1.23

LBGM-0025 0.00 0.25 0.60 1.23

LBGM-0510 0.05 0.10 0.56 1.17

LBGM-0515 0.05 0.15 0.59 1.08

LBGM-0520 0.05 0.20 0.62 1.09

LBGM-0525 0.05 0.25 0.63 1.11

LBGM-0530 0.05 0.30 0.67 1.16

LBGM-1000 0.10 0.00 0.52 0.67

LBGM-1005 0.10 0.05 0.59 0.73

LBGM-1010 0.10 0.10 0.57 0.94

LBGM-1015 0.10 0.15 0.59 0.98

LBGM-1020 0.10 0.20 0.62 1.03

LBGM-1025 0.10 0.25 0.58 1.08

LBGM-1030 0.10 0.30 0.63 1.12

LBGM-0020 0.00 0.20 0.58 1.23

LBGM-0520 0.05 0.20 0.62 1.09

LBGM-1020 0.10 0.20 0.62 1.03

LBGM-0025 0.00 0.25 0.60 1.23

LBGM-0525 0.05 0.25 0.63 1.11

LBGM-1025 0.10 0.25 0.57 1.08

LBGM-1525 0.15 0.25 0.62 1.06

taken as the migration enthalpy, AH,, for oxygen ion
migration. The migration enthalpy has a tendency to
increase slightly with increasing dopant concentration as
shown in Table 1. This can be explained form the
standpoint of the saddle point configuration of per-
ovskite structure. The oxygen ions in perovskite struc-
ture move into adjacent oxygen vacancies along the
(110) edge of the BOg octahedron. In the saddle point
configuration, the migrating oxygen ions must pass
through the opening of a triangle with two A site cations
and one B site cation. The energy barrier to pass
through the saddle point is called the saddle point
energy [14]. The lattice strain occurs by ion size
mismatch due to the substitution of larger cation,
Ba®* (0.161 nm) or Mg>* (0.072 nm), than host cation,
La’* (0.136 nm) or Ga*" (0.062 nm), respectively. The
saddle point energy increases with the resulting lattice
strain. Consequently, the increased saddle point energy
results in the increase in migration enthalpy.

Table 1 also shows that the activation energies of all
compositions are much higher at low-temperature than
at high-temperature. As mentioned above, this might be
caused by the formation of Mgy, — Vg or Baj, — Vg
pair clusters at low-temperature. This also implies that
the strong attractive interaction between Mgg, and Vg
or between Baj, and Vg causes the ionic conductivity to
decrease at low-temperature. Moreover, the association
enthalpy (Ea, low temp. — Ea, high temp.) of LaGaO.SO'
Mgy 2003-s (LBGM-0020) was 0.65 eV, while that of
LaygoBag 10GaO;_s (LBGM-1000) was 0.15 e¢V. This



means that Mg®" dopants have a much stronger
tendency to be associated with the oxygen vacancies
than the Ba®" dopants at low-temperature. Khan et al.
[15] reported that the binding energy of the Mgg, — Vg
pair cluster is much higher than that of the Srj, — Vg
pair cluster because the ion size mismatch for Mg®" on
the Ga®" sites is greater than the ion size mismatch for
Sr?* (0.144 nm) on the La®" sites in the LSGM system.
However, in this work, the activation energy in the low-
temperature region decreased with increasing Ba’t
concentration despite the greater ion size mismatch for
Ba”" on the La’" sites.

This different effect of Mg®>" and Ba”" ion doping on
the activation energy might be caused by the state of the
cations in the perovskite structure rather than by ion
size mismatch. In the perovskite structure, an oxygen
ion is coordinated by six cations: with four A site cations
and two B site cations. The length of the A-O fold is
longer than that of the B-O fold. Therefore, the B-O
fold has much stronger binding energy than the A—O
fold. In other words, an oxygen vacancy might be more
strongly associated with the Ga—O-Mg bond than the
La—O-Ba bond in the Ba’" and Mg?>* doped LaGaO;
system. Consequently, the activation energy of Mg*"
doping is higher than that of Ba?" doping. This is
confirmed by the fact that, in spite of the same oxygen
ion vacancy concentration, the oxygen ion conductivity
value of Laog()BaQ10Ga0A7QMg0A3QO3,5 (LBGM-1030) is
much lower than that of La0.85BaoA15Ga0.75Mg0.25O3_5
(LBGM-1525) at low-temperature in Figure 8. Mean-
while, the reason for the increase in activation energy
with increasing Ba?" concentration in the low-temper-
ature region is not yet clear. The reason is, however,
probably related to the screening effect; large Ba®> " ions
hinder the oxygen vacancies from associating with Mg>"
ions.

4. Conclusion

In the LBGM system, the increase in oxygen vacancies
originating from the substitutions of cations with lower
valence such as Ba®" and Mg”" is thought to make a
contribution to the increase in oxygen ion conductivity.
The oxygen ion conductivity value of LaggoBag 1o-
GagsoMgo2003-s (LBGM-1020) was 0.114 Q' cm™
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at 800 °C, which is comparable to that of YSZ at
1000 °C. The grain boundary resistance decreased with
increasing Mg concentration due to a reduced second
phase concentration, which was confirmed by micro-
structure observation. The activation energy of oxygen
ion conduction was dependent on temperature and had
a higher value in the low-temperature region. This may
be caused by the formation of Mgg, — V¢ or Baj, — Vg
pair clusters at low-temperature. Meanwhile, it is
thought that Mg®" have a much stronger tendency to
be associated with oxygen vacancies than Ba>" dopant.
This can be explained by the state of the cations in the
perovskite structure.

Thus, the LBGM system is a promising material as
solid electrolyte for reduced-temperature ceramic fuel
cells.
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