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Abstract

The dissolution of divalent cations plays an important role in the enhancement of conductivity for perovskite-basedbdAl&Ga@
oxygen conductors. In the LaAlsystem, the solubility of MgO was less than 10% due to the mismatch of ionic radius between the
Mg and Al cations. The substitution of Sr ions in the La-cation sublattice was as high as 20%. With the doubly-doping of SrO and MgO
in LaAlO3, the enhancement of MgO solubility was also observed. However, further addition of MgO tends to lower the solubility of Sr
ion from 20 to 10%. This result can be rationalized by the reduced distance between Mg ion and Sr ion that caused the cation—cation
repulsion in the perovskite structure. In the singly-doped Lagz@aBtems, the solubility of MgO was found to be 20%. However, only
less than 10% of the La-cation sublattice could be substituted by Sr ions. With the doubly-doping of SrO and MgO, the solubility of SrO
was significantly enhanced by the addition of MgO. It is believed that the solubility enhancement of SrO is due to the expanded lattice
caused by the addition of MgO. Within the solubility limit of the aliovalent cations, the ionic conductivities of both baAlDLaGaQ
systems increased with the increasing concentration of foreign cations. After the solubility limits in both doped dad\l@GaQ were
reached, the segregation of the second phase tends to lower the ionic conductivity drastically. The activation energy for ionic conduction
was also dependent on the ionic radius of foreign cations which may affect the space available for the transport of oxygen ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction compatibility at~1000°C. Doped B)O3 and CeQ, on the
other hand, have shown much improved ionic conductivity.
Oxygen ion conductors are the key electrolyte compo- Nevertheless, they exhibit some electronic conduction un-
nents in many solid electrochemical devices such as oxygender the reducing atmospheres. For low-temperature SOFC
sensors, oxygen pumps and solid oxide fuel cells (SOFCs).applications, it is necessary for solid electrolyte to possess
SOFC offers a clean, pollution-free alternative energy source adequate stability and high ionic conductivity.
for the electrochemical generation of electricity at high effi-  To search for a new electrolyte with higher conductivity
ciency. Solid electrolytes for SOFCs have been focused onand better stability, perovskite-type oxides (Ag®ave re-
fluorite-structured Zr@, CeQ, and BpO3 [1-4]. ceived much attention because this unique structure is very
Although yttria stabilized zirconia (YSZ) has been tolerant of various sizes of cations at both A and B cation
widely used as the electrolyte material for SOFC applica- sublattices. Thus, aliovalent cations can be dissolved in both
tions, the oxide ion conductivity of YSZ is rather low for A-site and B-site cation sublattices. Consequently, oxygen
intermediate-temperature operation. Thus, SOFCs whichvacancies are generated to compensate the charge of substi-
use YSZ electrolytes must operate at around T@0Such tuting ions. In other words, perovskite-type oxides offer nu-
a high temperature leads to problems associated with highmerous advantages, especially for the stability of the crystal
costs and the connected materials at the operating tem-structure, the variety of elements that can be accommodated
perature. In particular, there are problems associated within the crystal lattice, and the ease with which oxygen vacan-
phase stability of the various component materials and their cies can be produced by partial substitution of the A- and/or
B-site cations with lower valence cations.
mpondmg author. Tel+886-6-2380208: ngeral oxides_ with _perpvskite structures have been
fax: 1 886-6-2346290/2380208. studied as potential oxide ion conductors. Among them,
E-mail address: kzfung@mail.ncku.edu.tw (K.-Z. Fung). LaGaGs-based oxidefs—11] have been investigated for the
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use as the electrolyte materials for intermediate-temperaturepowder was pulverized again with a pestle and mortar and
(<800°C) SOFCs. Recent work by Ishihara et @] has then reground using ball-milling again. The powder was
shown that the substitution of divalent cations, like Ca, then pressed into several circular disks of 25 mm diameter
Sr, Ba, and/or Al, In, Mg, etc. for I3 and/or G&" in and 4 mm thickness using uniaxial die pressing at 30 MPa,
the LaGaQ effectively enhances the oxide ion conductiv- followed by cold isostatic pressing under a pressure of
ity. Similar result was also observed by Goodenough and 200 MPa. The samples were then sintered at 1773 K for 3h
co-workers[8,9], and Kim et al.[10]. Furthermore, the in air with a heating rate of 2ZC/min. In order to examine the
LaGaGs-based perovskite-type oxidefs have ionic transport dissolution of various dopants in LaGg@nd LaAlG;, the
numbers close to unity, exhibit large electrolytic domains crystal structures of the undoped and doped samples were
and are insensitive to moisture. These are essential characanalyzed using Regaku D/Maxlll. VX-R X-ray system. The
teristics for an electrolyte material in high temperature fuel surface layers of sintered samples were removed before the
cells. XRD examination. The Cu K radiation was used and the
However, the high cost of gallium compounds and their scanning rate was set dt/ghin with a 2 range between 20
low mechanical strength are the main obstacles for usingand 80. For the determination of lattice parameters, a slow
doped LaGa@in SOFC application. Therefore, the replace- scanning rate of 0.28min was used. The lattice parameters
ment of Ga with inexpensive element, such as Al, is highly were refined using the least-square method. To investigate
desirable. It was found that the conductivity of LaAIO the effect of aliovalent cations on the ionic conductivity, the
was significantly affected by the addition of aliovalent conductivity of undoped and doped LaAJ@nd LaGaQ@
cations. Rare-earth aluminates such as;(L,M,)AIO3_; samples was measured using the two-probe ac impedance
or Ln(Al1_yM,)Oz_s (M: Mg?2t, C&*, ST) show higher method. Platinum paste was applied on both surfaces of the
conductivity than that of LnAl@ [12-22] Among these  sintered disks to be used as the electrodes. The platinum
aluminates, Ca- and Ga-doped NdAl€ystems were found  paste was fired at 70€ for 2h to remove the organic
to exhibit the highest conductivity of about 0.0398 S/cm at binders. Silver wires were used as the lead wires connected
950°C based on the work of Ishihafa3]. The possibility to both electrodes. The impedance of samples were mea-
of using aluminate-based materials as electrolytes for SOFCsured over a frequency range between 20Hz and 1 MHz
has also been suggested by Takahashi and lwdBala using an HP-4284A LCR meter. The electrical conductivity
Even though both of LaAl@ and LaGa@ have simi- of sintered samples was then measured as a function of
lar perovskite-based structure, our preliminary work showed temperature from 773 to 1173K in air. The conductivity
that the solubility of foreign cations varied considerably be- was also measured as a function of concentration of various
tween these two materials. Thus, the objective of this work dopants.
was to study the difference in dissolution behavior and con-
ductivity for doped LaAlQ@ and LaGaQ@ systems when both
Sr and Mg were used as the dopants. 3. Results
In the present study, various amounts of SrO and MgO
were added into LaAl@and LaGaQ@ by repeated calcina-  3.1. Sructure analysis of undoped and doped LaAlO3
tion and mixing. Undoped and doped LaAl@nd LaGaQ@
were characterized by XRD, which were used for the struc- 3.1.1. LaAlO3-based system
tural analysis. The ac impedance technique was used to de- XRD traces for undoped and doped LaAl@fter heated
termine the electrical conductivity of sintered samples at at 1500°C for 3 h are given irFig. la—e Fig. lashows a
various temperatures. single rhombohedral structure obtained from the undoped
LaAlOs. Fig. 1b shows the XRD traces of LaAldoped
with 10% MgO for the substitution of B-site cations (i.e.
2. Experimental procedure Al). For 10% Mg-doped LaAlQ, a second phase was ob-
served. The extra reflections from the second phase are
LaAlO3 and LaGa@ with and without dopant(s) were consistent with those of L&l,MgO1p (JCPDS: 43-0922).
synthesized using the solid-state reaction method. DueThis result indicates that the solubility of MgO in LaAO
to the hygroscopic nature of L@3;, LapO3 was heated should be less than 10%. The observation of second phase
to 1000°C for 1h prior to the weighing process. TGA in Mg-doped LaAIQ were also shown by Nguydt5] and
was also conducted on all raw materials to confirm the Lybye et al.[19]. Although a slightly higher solubility of
accuracy of the weighing procedure. The stoichiometric MgO in LaAlO3 was reported by Nguyefil5], the dis-
ratio of LpO3 (Strem, 99.9%), G#3 (Alfa, 99.999%), crepancy may be caused by the difference in the synthesis
Mg(NO3)2-6H,O (Showa, 99.0%), and Sr(N (Showa, route between the low-temperature “Pechini process” and
98.0%) were weighed and ball-milled with ethanol (99.8%) high-temperature “solid-state reaction.” The XRD traces of
for 24 h. The slurry was then dried, reground in an agate LaAlO3 doped with 20 and 30% SrO are were shown in
mortar and sieved through a 200 mesh sieve. The powderFig. 1c and dIn 30% Sr-doped LaAlg), the second phase
mixture was calcined at 1373 K for 24 h in air. The calcined of LaSrAIO; (JCPDS: 24-1125) was observed. This result
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Fig. 1. XRD trace for (a) undoped LaAlOand Mg/Sr doped LaAl® Fig. 2. XRD trace for (a) undoped LaGg@nd Mg/Sr-doped LaGaD
with the addition of (b) 10% Mg, (c) 20% Sr, (d) 30% Sr, and (e) 10% Sr with the addition of (b) 10% Mg, (c) 10% Sr, (d) 10% Sr-10% Mg, and
and 10% Mg synthesized at 1500 for 3h. The second phases observed (e) 20% Sr—20% Mg synthesized at 15@ for 3h. The second phase
were LaAl,MgO;o (marked as Y)) and LaSrAIQ (marked as @)). observed was LaSrG@; (marked as Y).

indicates that the solubility of Sr ions in the A-site cation MgO and 10% SrO were added into LaGa€imultane-
sublattice of LaAIQ is between 20 and 30%. Same solubil- ously, the second phase that originally was found in 10%
ity range was also reported by Nguylrd] and Lybye et al. Sr-doped LaGa@ disappeared as shown Fig. 2c It is

[19] et al. In doubly-doped LaAlg) the dissolution behav-  evident that the solubility of SrO was enhanced by adding
ior observed is different from the singly-doped samples. In MgO simultaneously into LaGaf For 20% Sr-20% Mg
10% Sr-10% Mg doubly-doped LaAlQDa single rhombo-  doubly-doped LaGag) the dissolution of Sr ions was sig-
hedral phase was also obtained while the second phase ofiificantly enhanced by the simultaneous addition of 20%
LagAl,MgO;0 found in the 10% Mg-doped LaAl§was not MgO and 20% SrO. Consequently, a single phase of per-

observed. Therefore, in the doubly-doped La4|@e solu- ovskite was observed iRig. 2e
bility of one dopant was affected by the presence of another

dopant as shown ifig. le 3.2. Conductivity measurement
3.1.2. LaGaOg3-based system 3.2.1. LaAlOz-based system

Unlike the doped-LaAl@ system, the X-ray analysis Fig. 3 shows plots of In{T) versus 1000/ for
of LaGaQ gives completely different dissolution behav- LaAlOs-based oxides at temperatures ranging from 500 to
ior. As shown inFig. 23 undoped LaGa®also exhibits 900°C in air. Among them, the undoped LaAdGample
single-phase orthorhombic structure after samples were pro-exhibits the lowest conductivity of 2 10~ S/cm at 800C.
cessed under the same conditions as LaAkar Mg-doped For doped LaAlQ@, the conductivities were drastically en-
LaGaQ shown inFig. 2 no trace of the second phase hanced by the addition of divalent dopants, SrO and/or
was found after 20% of MgO was added. Ishihara et al. MgO. For instance, the sample of 20% Sr-doped LaAIO
[5] also showed the same solubility limit of MgG-20%) shows improved conductivity of & 103 S/cm at 800C.
in LaGaQ. For Sr-doped LaGag) the solubility of SrO For 10% Mg-doped and 10% Sr-10% Mg doubly-doped
was, however, less than 10mol% and a small amount of LaAlO3, the conductivities measured werg k 102 and
second phase, LaSrg@; (JCPDS: 45-0637), was detected 4.3 x 10~3S/cm at 800C, respectively. Although all of
as shown inFig. 2c Same trend was also reported by these values are significantly higher than undoped LaAlIO
Huang et al[6]. From these results, it is clear that SrO is they are lower than that of 20% Sr-doped LaAlQt was
less soluble than MgO in LaGaOFor the doubly-doped  suspected that the presence of second phase had an ad-
LaGaG;, the solubility of one dopant was also affected by verse effect on the conductively of overly-doped LaAlO
the presence of another dopant. Interestingly, when 10%To determine the conductivities of second phases, stoi-
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Fig. 3. Conductivity of undoped and doped LaAl@lotted as a function
of 1000T.

chiometric compounds of L&l,MgO;9 and LaSrAIQ

were fabricated and then the conductivity measurement was

conducted. The conductivities for ka&lo,MgO;9 and
LaSrAlO; were found to be as low as.8Bx 10~4 and
2.7 x 104 S/cm, respectively. Thus, the decline in the
conductivities of 10% Mg-doped and doubly-doped 10%
Mg-10% Sr LaAlQ was caused by the presence of
low-conductivity second phases.

3.2.2. LaGaO3-based system

Fig. 4 shows the results of conductivity measurement
for undoped, Sr- and/or Mg-doped LaGaQ@ystems at
temperatures ranging from 500 to 9@D in air. Simi-
lar to the LaAlQ systems, all doped-LaGaOsamples
exhibit higher conductivity than undoped LaGaOrhe
undoped LaGa® exhibits the lowest conductivity of
1.6 x 10°3S/cm at 800C. The ionic conductivity of
doped-LaGa@ also increased as the concentration of di-
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Fig. 4. Conductivity of undoped and doped LaGafdotted as a function
of 1000T1T.

and 88 x 10~4S/cm which were also considerably lower
than undoped LaGaf)

4, Discussion
4.1. Sructure variation between of LaAlO3 and LaGaO3

In LaAlO3 and LaGaQ@ perovskites, La ions tend to oc-
cupy A-site positions and Al and Ga cations occupy B-site
positions due to the difference in their ionic radii. The ionic
radii for cations and oxygen ions used in this study are
adopted from Shannon’s wofR4]. Based on the ionic radii
of cations and oxygen ions s+ = 0.535A, roat
0.62A, r 3+ = 1.36 A, andrpe- = 1.40 A) [24], the toler-
ance factor for a LaAl@lattice was calculated to be 1.009.
On the other hand, for LaGaQthe tolerance factor was
found to be 0.966. For a cubic perovskite, the tolerance fac-

valent dopant increased until the second phase appearedor usually falls in the range between 0.95 and 1.0. There-

For 10% Sr doped LaGaf the conductivity measured
was 27 x 1072S/cm. For 20% Mg doped LaGaQthe
conductivity was enhanced ta&x 102 S/cm. For 20%
Sr—20% Mg doubly-doped LaGaQ the conductivity
reached B x 10-2S/cm at 800C which is four times

fore, LaAlO; forms a rhombohedral structure consisting

of four slightly distorted pseudo-cubic perovskite subcells.
LaGaQ, on the other hand, crystallized in a less-symmetric
orthorhombic structure which also consists of perovskite
subcells[25]. The resemblance between the rhombohedral

as high as that of YSZ. When the second phase appeared.aAlO3 and pseudo-cubic perovskite can be further illus-

in the heavily doped LaGaf) for instance, 20% Sr—10%
Mg doubly-doped LaGag) a decrease in conductivity was

trated from the theoretical intensity calculation as shown in
Tables 1 and 2These results show an excellent agreement

also observed. The conductivities for the second phaseswith the observed intensities frofigs. 1 and 2The differ-

LaSrGaQ and LaSrGgO; were found to be 2 x 1074

ence in the relative intensities between LaAléhd LaGaQ@
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is due to the variation in atomic scattering factor from Al and
Ga ions. Although LaAl@ and LaGa@ have similar per-
ovskite structure, the solubility of aliovalent dopants, SrO
and MgO, show completely different results. These results
can be rationalized based on the difference in bonding char-
acteristics and ionic radius between doping ions and parent
cations.

4.2. Effect of ionic radius

For the addition of SrO and MgO in both LaA}CGand
LaGaQ systems, Mg is less soluble in LaAdCthan in
LaGaG. On the contrary, Srion is more tolerant in LaAlO
than in LaGaQ@. The ionic radius of Mg ion is 34.6%
(ngz+ = 0.72 A) larger than that of Al ion. The lattice pa-

rameter of pseudo-cubic LaA§I~3.79 A) is also smaller
than pseudo-cubic LaGaO(~3.89A). Hence, Mg ions
would not be easily tolerated in LaAlstructure and may
segregate or form a second phasey4AlaMgO;p. Com-
pared with the ionic radius of Ga ions, Mg ion is only
16% larger. Thus, higher solubility of MgO in LaGgO
(~20 mol%) than that in LaAl@ (<10 mol%) is expected.

It is interesting to note that the dissolution of Sr ion in
the larger LaGa@lattice is more difficult than that in the
smaller LaAlG lattice. The difference in SrO solubility
between LaGag@and LaAlO; may be caused by the extent
of structure distortion. From the calculation of tolerance
factor, t, it may be concluded that LaAD(z = 1.009)

is closer to the ideal (cubic) perovskite than LaGaO
(r = 0.966). In LaGaQ, the interatomic distance between
O and La varied from 2.46 to 3.14 f26]. Particularly,
the O-La distance along [%-1, 1] and 1, 1, —1] is
less than the sum of s+ andrx- as shown inFig. 5.
This result suggests that it will be less favorable for larger

Q La** O Ga**

Fig. 5. Schematic diagram of orthorhombic LaGa®ith tilting GaGOs
octahedra.
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Table 2

The calculated relative intensities for diffracted reflection from LagaO
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doping ions, like Sr to dissolve in the A-site of LaGaO
perovskite lattice. On the other hand, the interatomic dis-
tance between Al and La in a LaA{Qattice is close to
2.68 A [27] which is more suitable for the occupancy of
Sr. Therefore, the SrO tends to be less soluble in LasaO
than in LaAIGs.

The additional cause for the difference in Sr solubility
between LaGa®and LaAlO; may be the electrostatic re-
pulsion between cations. Since LaAl@nd LaGaQ@ can
be viewed as pseudo-cubic perovskites, the corresponding
lattice constants are 3.791 and 3.897 A. However, the dif-
ference between lattice constants of LaAlénd LaGa@
(0.106 A) is less than that between sizes of Ga and Al ions
(0.17 A). These results indicate that the interatomic distance
between La ion and Ga ion in LaGa@s closer than that
between La ion and Al ion. Since Srion has larger ionic ra-
dius than Laions, it is reasonable to expect that the repulsion
between Sr/La and Ga ions be stronger than that between
Sr/La and Al ions. Thus, Srions will be less tolerant in the
A-site position of LaGa®@ perovskite.

4.3. Effect of doubly-doping on dissolution behavior of
LaAlO3 and LaGaO3

In the doubly-doped LaGaf samples, the addition
of MgO enhances the solubility of SrO. However, in
doubly-doped LaAlQ@, the addition of Mg suppresses the
dissolution of Sr. These results may be explained by the
bonding characteristics of the ABQattice. It is known
that the oxides with stronger bond strength exhibit higher
melting points. The melting point of LaAl$was reported
to be 2110 C [13] while the melting point of LaGa®was
only 1720°C [28]. Since both LaAl@ and LaGaQ@ have
similar structure and atomic coordination, the higher melt-
ing point of LaAlO; than LaGaQ is caused by stronger
bond strength between Al and O than Ga and O. It was also
found that the bond distance between Al and O, 1.895A
[27], is less than that between Ga and O (1.9929].
Thus, the LaGag@ lattice may be easily expanded by the
addition of Mg ions. Consequently, the solubility of SrO
in 20% Mg-doped LaGa®was enhanced from 10 to 20%.
On the other hand, the LaAlJattice could not be easily
expanded by the addition of MgO, because of the stronger
bonding strength between Al and O. Thus, the solubility of
Sr in Mg-doped LaAlQ was suppressed from 20 to 10%.

4.4. Effect of LaAlO3 and LaGaOs lattices on conductivity

In Figs. 3 and 4the conductivity was plotted as a func-
tion of the inverse of temperature for undoped and doped
LaAlO3 and LaGaQ. The conductivity of LaAlQ is much
lower than that of LaGa@at the same temperature range.
Since the bonding strength of Al-O is much higher than
Ga-0, the formation of intrinsic oxygen vacancies through
the thermally-activated process would be more difficult in
LaAlO3 than in LaGaQ@. The smaller lattice of undoped
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LaAlO3 also has an adverse effect on the migration of oxy- LaAlO3 was drastically suppressed by the segregation
gen ions. Thus, the undoped LaAl®xhibits a conductivity of LaSrAlO4. Similar behavior was also observed in the
of one order of magnitude lower than the undoped LagsaO LaGaQG system. When the second phase appeared, the con-
ductivity of heavily doped LaGa®was also significantly
4.5. Effect of divalent dopants on ionic conduction reduced. Finally, a maximum in conductivity was ob-
tained when the dopant concentration reaches the solubility
In the doped LaAl@ and LaGaQ@ systems, the conduc-  limit.
tivity measurement clearly showed that the conductivity was
enhanced by the addition of SrO and MgO on both LagaO
and LaAlG; when the concentration of dopants was within
the solubility limit. The addition of SrO and MgO may be
incorporated into the LaAlglLaGaQ; lattice according to
the following defect reactions:

4.6. Effect of divalent dopants on activation energy

Table 3lists the activation energies for ionic conduction
in undoped and doped LaAlCand LaGaQ.

X X X o0
ZSrO+ AlZOS/G@OS m ZSIXLa + 2A| /Ga;.d/Ga"' 500 + VO (1)
2MgO + Lay0 2Mg, 2Lla g" + 500" + Vo°** 2
90+ La20s oo 2Majcat 2laa” + 500" + Vo )

where the defect notation of Kroger and Vink was adopted.
When the Sr ion substitutes for the A-site cation sublat- 4.6.1. Undoped LaGaO3z and LaAlO3

tice in LaAlO; or LaGaQ, the negative charge of Syis The activation energy for undoped LaAJGs as high
compensated by the formation of positively charged oxygen @s 125.28 kJ/mol. For undoped LaGa@he activation en-
vacancy, \b°°. ergy was estimated to be 98.47 kJ/mol. In undoped LaAIO

In other words, the oxygen vacancies are created by theand LaGa@, the oxygen ion conduction can be achieved
substitution of Sr for La. Thus, the concentration of oxy- By movement of oxygen ions through intrinsically induced
gen vacancy increases as the concentration of SrO dopan®Xygen vacancies. Thus, the activation energies for undoped
increases. Similarly, the substitution of Mg for Al or Ga samples must include the enthalpy for formation of oxygen
is also compensated by the formation of oxygen vacancy. vacancies as well as the enthalpy for the migration of oxy-
Therefore, the enhancement in ionic conductivity is ex- gen ions. Thus, the undoped LaAj@nd LaGaQ exhibit
pected when the divalent dopant MgO or SrO is dissolved higher activation energies than doped ones. Furthermore, the
into the LaAlQ; or LaGaQ@ lattice. For doubly-doped  higher activation energy of undoped LaAj@han LaGa@
LaA|03 and LaGaQ@ Samp|eS, the oxygen vacancies can is caused by stronger bonding and smaller lattice.
be further generated by the addition of divalent dopants
on both A-site and B-site cation sublattices. Therefore,
the higher conductivity was observed in 10% Sr—-10% Mg Table 3
doubly-doped LaAl@ and 20% Sr-20% Mg doubly-doped The rerit (A) and activation energy (kJ/mol) of undoped/doped LaflO

LaGaQ. and LaGaQ@ systems
After the dopant concentration exceeded the solu- System reit (A) Eq (kJ/mol)
bility limit, the second phase appeared. In excessively LaAlOs
doped LaAlQ sample, the second phases were found |aal0; 0.9058 125.28
to be LaAloMgOi9 and LaSrAlQ. In excessively Lag9Sro.1AlO3_; 0.9016 78.80
doped LaGa®@ samples, the second phases observed are La8S02AI0z-s 0.8972 94.86
LaSrGaO7 and LaSrGa®. Among these second phases, LaAlooMgo.103-s 0.8996 87.91
LaSrAIO; and LaSrGa@ have the same tetragonal struc-  209201~losMd0105-5 0-8969 9750
Lao_gsro_zAlo_gMgo_]_O3,5 0.8933 104.62
ture. LaAloMgOj1p and LaSrGgO; exhibit complex or- La AlogMgo 203_s 0.8966 93.54
thorhombic and tetragonal structures, respectively. These LaggSr.1AlosMgo203-s 0.8911 96.12
structures are different from the perovskites structure and LaosSh.2AlosMgo203-s 0.8878 110.10
exhibit low conductivities. Furthermore, the stoichiometric LaGag
ratio in the perovskite phase was significantly affected by LaGaQ 0.9326 98.47
the presence of second phases because the second phase§.950.16aCs-; 0.9373 92.78
contain La, Al, and Ga cations. For example, in 30% Sr t?cf?ﬁ?f%ﬁs 8:3222 gg:gz
doped LaAIQ, the excess Sr resulted in the formation of | 5 /51 1GaoMgo10s_s 0.9282 80.40
LaSrAlO4. Then, La and Al must be depleted from the  LagsSr2GasMgo10s_s 0.9296 77.98
Sr-containing LaAlQ. Then, the cation vacancies may be  LaGasgMgo20s3-; 0.9176 92.76
formed and the conduction of oxygen ions may be sup- L209501G2gMg020s-s 0.9195 96.86
Lap.gSr.2Ga.sMgp 2035 0.9216 132.90

pressed. Therefore, the conductivity of excessively doped
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4.6.2. Sngly doped LaAlO3 and LaGaO3 Fig. 7. The activation energy and critical radius plotted as a function of
The activation energies for ionic conduction in LaAlO Mg site-fraction in LagSio2Al1-,Mg,O3-s.

and LaGaQ systems were also influenced by the addition

of dopants. For doped LaAand LaGa@, the variation

of activation energy as a function of dopant concentration  For doubly-doped LaAl@ and LaGag@, the variation of

can be illustrated using the critical radii for the migration of activation energies as a function of dopant concentration can

oxygen iong20]. be illustrated using the calculated critical radii for the mi-
With the addition of SrO or MgO into LaAlg) the activa- gration of oxygen ions. When thg,j; increases, the activa-

tion energies were reduced to 78.80-87.91 kJ/mol. The re-tion energy for oxygen transport is expected to be smaller.

duced activation energy of doped LaAJ@an be attributed ~ On the other hand, theyi; decreases, the activation energy

to the formation of oxygen vacancies for the charge com- for oxygen transport is expected to be larger.

pensation of lower-valent dopants. Thus, the concentration Fig. 7 shows that the variation oti; and activation en-

of oxygen vacancies was extrinsically fixed by the addition ergy on 20% Sr-doped LaAlwas plotted as a function of

of lower valent cation ions according f6gs. (1) and (2) MgO concentration. As the concentration of MgO increases,

In additions, the activation energy of Mg-doped LaAl® the value ofrgir decreases and oxygen transport becomes

lower than Sr-doped LaAl® Same results were also ob- more difficult. Thus, the activation energy for ionic conduc-

served by Kliner et al[22]. It was proposed that the as- tion increases with the increasing concentration of MgO.

sociation energy between oxygen vacancy and the dopantFig. 8shows thatit still decreases as the SrO concentration

(M} — Vo®* — My)), is higher in Sr-doped LaAl®than increases when MgO concentration remains at 10%. Thus,

in Mg-doped LaAIQ. Comparison the activation energy the activation energy for ion transport is also increased.

of LaAlO3 and LaGa@, LaAlO3 systems exhibits slightly In the case of LaGag) when the concentration of SrO

higher activation energy. is fixed at 20%, the calculateg,; in the LaGaQ lattice
decreases as the concentration of MgO co-dopant increases.

4.6.3. Doubly-doped LaAlO3 and LaGaO3 Thus, the activation energy for ionic conduction increases

Since both LaGa@ and LaAIQ; exhibit pseudo-cubic ~ from 69.09 to 132.90 kJ/mol when the concentration of
perovskite structure, for simplicity, both of them are treated MgO increase from 0 to 20%. On the contrary, when the
a the cubic perovskite. The schematic diagram of (110) concentration of MgO dopant (for B-cation sublattice) is
plane is shown irFig. 6 where the large circles represent fixed at 10%, the calculategi in the LaGaQ lattice in-
the A-site cations and the small circles represent the B-site crease as the concentration of SrO increases. As a result, the
cations. The possible path for oxygen transport aldnty0 activation energies of oxygen conduction slightly changed
edge of the BQ (B: Ga, Al) octahedron would be the free from 83.28 kJ/mol, 80.40kJ/mol to 77.98kJ/mol, for the
space surrounded by two A-site cations and one B-site samples of singly-doped LaGgVgo.103—5, doubly-doped
cation. A critical radiusy¢it, can be determined based on Lap oS 1GaoMgo103-s and LagSr2GapgMgo103—s,
the space available for each system. The critical radius canrespectively. FromFigs. 7-10 it is evident that the ac-
be expressed as folloW20]: tivation energy of ionic conduction is strongly affected
by rerit.

The variation ofr¢; can be rationalized on the change of
the corresponding lattice. The increase gf with the SrO

Ferit = ao((3/4)ao — v/2rg) — [(ra — r8) (ra + r8)]
[2(ra — rB) + v/2a0]

3)
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addition in LaGa@ can be explained by the expanded lattice 1. In LaAlO3, less than 10% of MgO was dissolved in

after the addition of Sr ions. As discussed earlier, LaAlO
has a more rigid lattice. Either Sr or Mg addition has little

effect on the expansion of lattice. Thus, the spaces avail-
able for oxygen migration become smaller when the larger

doping ions are added into the lattice. Hence, it is difficult

for oxygen ions to move to adjacent oxygen vacancies and

higher activation energy was observed.

5. Conclusions

The following conclusions may be drawn based on the
present work:

0.940 140
— 120
0.920 —
< £
<= s 100 5
- \KS/
L 53]
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<~ — 80
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Fig. 8. The activation energy and critical radius plotted as a function of
Sr site-fraction in La_,Sr,Alg.gMgp.103_;.
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the Al-cation sublattice due to the mismatch of ionic
radius between Mg and Al ions. On the contrary, as
much as 20% of La sites can be replaced by Srions. In
doubly-doped (M&" and S#t) LaAlO3, the solubility

of SrO was suppressed by the doping of MgO. Only 10%
of SrO can be added into 10% Mg-doped LaAlGhe
suppression of SrO solubility may be attributed to the
rigidity of LaAlO3 lattice and the electrostatic repulsion
between Sr and Mg ions.

. In doped LaGag) the solubility of Mg ion reached 20%

without the formation of second phase. For Sr-doped
LaGaG;, only 10% of Sr ions were allowed in the
LaGaQ lattice. When 20% of SrO was added into
LaGaQ, the second phase of LaSr§&® was found. In
doubly-doped (M§+ and S#) LaGaQ, the dissolved
Mg ions enhanced the solubility of SrO from 10 to 20%
due to the expanded lattice.

. From the conductivities measurement, the oxygen va-

cancy concentration and ionic conductivity were signif-
icantly enhanced when SrO and/or MgO dopants were
dissolved into the LaAl@ and LaGaQ lattices. How-
ever, the conductivity was suppressed when the second
phases LaSrAl@and LaAl,MgO1o or LaSrGaQ and
LaSrGaO; were present.

. The undoped LaAlgand LaGaQ@ have the highest acti-

vation energies than doped ones, respectively. The highest
activation energies are contribution from to the enthalpy
for formation of oxygen vacancies and the enthalpy for
the migration of oxygen ions.

. In the doped LaAl@ and LaGaQ@ systems, the oxygen

migration was affected by the free space available in the
lattices or the size of critical radius. In general, the acti-
vation energies increased with the increasing concentra-

0.940 140
T 4:_4-/"" I
— 120
0.920 —
B =
o)
< £
—= E — 100 =
<
L |84
0.900 —
s
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Fig. 9. The activation energy and critical radius plotted as a function of Fig. 10. The activation energy and critical radius plotted as a function of

Mg site-fraction in La gSr2Ga—,Mg,03_s.

Sr site-fraction in La_,Sr,Gay9gMgo 103_s.
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tion of dopants due to the larger ionic radius of doping
cations. In Mg-doped LaGaf)the co-doping of SrO did

not change the activation energy noticeably due to nearly [13]

unchanged critical radius.
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