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Solid Oxide Fuel Cell (SOFC) show great promise as new power generators with high efficiency. Decreasing the
operating temperature is critically required for the further development of SOFC. This review introduces that oxide ion
conductivity in the perovskite oxide of LaGaOs3, which was found by our group. LaGaOs doped with La and Mg exhibits
the high oxide ion conductivity over a wide P, range; the value is higher than that of Y,O;3-stabilized ZrO, by an order
of magnitude. When LaGaOs3-based oxide was used as the electrolyte of SOFC, the power density could be improved
greatly, in particular over the low-temperature range. In this study, the power generating property of LSGM using a thin
film of LaGaOs is also introduced. The maximum power density of the cell using LaGaOs-based oxide is as high as
0.6 Wcem~2 at 773 K. This suggests that SOFC could be operable at temperature lower than 773 K.

1. Introduction

Oxide ions or proton-conducing oxides can be used for the
electrolyte of fuel cells. Therefore, development of a high
oxide ion or proton-conducting ceramics is a highly important
subject. At present, the oxide ion conductors are mainly used
for the electrolytes of solid oxide fuel cells (SOFCs). However,
proton-conducting oxide is also an important class of such
electrolytes. Up to now, fluorite oxides such as stabilized ZrO,
or doped CeO, were mainly used as the electrolyte of fuel
cells; however, there are other oxides which also exhibit the
high oxide ion or proton conduction required for the electro-
lyte of fuel cells." Among them, perovskite oxides of LaGaOs
and CaTiOj; (oxide ions), BaCeO; and BaZrOj (protons), per-
ovskite-related oxide of Ba;In,O5 (oxide ion), and the new
crystal-phase oxides of La;GeOs? and LajoSigOa>* (oxide
ion) are highly attractive for use as the electrolyte of SOFCs.
The ionic conducting properties in these oxides have been
investigated extensively. Perovskite oxide of LaMnOj or
LaCoOs is generally considered as the active electrode catalyst
for SOFC. However, perovskite oxide is also an extremely im-
portant crystal structure for the oxide ion conductor for the
electrolyte of SOFC. In this review, the oxide ion conductivity
in LaGaOs3-based oxide doped with La and Sr is introduced
and the power generating property of SOFC using LaGaOj3-
based oxide is also demonstrated.

2. Crystal Structure and Oxide Ion Conductivity
in Perovskite Oxide

In the case of oxide ion conductors, the fluorite oxide con-

sisting of tetravalent cation exhibits superior oxide ion conduc-
tor properties. In particular, Y,Os3-stabilized ZrO; is popularly
used. Since a large part of the non-fluorite ion conductor has a
perovskite structure, the crystal structure of perovskite oxide
should be briefly introduced. The perovskite-type oxides based
on the general formula ABO3; comprise a rich family of com-
pounds with important applications in solid oxide fuel cells,
ferroelectric, super-conducting materials, oxidation catalysis,
etc. This is because the total charge on A and B (46) can be
achieved by the combinations of 1+5, 244, and 3+ 3,
and also in more complex ways as in Pb(B’;,B"”,,)O3, where
B’ = Sc or Fe and B” = Nd or Ta, or A’{»A”;,,TiO3 where
A’ =1Li or Na and A” = La, Pr, etc. Also, there are many
compounds which are polymorphic to a perovskite structure
such as the K, NiF, structure; defect perovskite oxide. As illus-
trated in Fig. 1, the ideal perovskite structure is cubic, with 12-
coordinated large cations of A and 6-coordinated small cations
of B. From the geometry of the structure, it follows, that for
the ideal structure, there is the following relation between
the radii of A, B, and O ions.

ra + 10 = V2(rg + ro). (1

Actually the cubic perovskite structure or slightly deformed
variants of it are found for ions which do not obey this relation
exactly, and this was expressed by introducing a “tolerance

factor,” t.
ra +ro
f=—— 2
V2(rg + r0)

Namely, 7 close to 1 means the structure is closer to the ideal in
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Fig. 1.

Ideal perovskite structure.

geometry. Due to the high stability of crystal structure and the
variety in included cations, perovskite oxide can accommodate
a large amount of oxygen deficiency. Consequently, a large
variety in properties has also been found on this structure ox-
ide. Namely, an oxide having perovskite structure exhibits the
wide range of electronic conducting property from the highly
electronic conductivity at a famous super-conducting oxide
of BasCu, YO; to that of a dielectric oxide such as BaTiOs.
Therefore, a unique electrical conducting property is also ex-
pected for this oxide. Recently, some interesting reports on
ionic conductivity in perovskite oxide were reported, i.e., high-
temperature proton conduction in doped BaCeO3 or BaZrO; or
high lithium conduction in La(Li)TiOs3. Therefore, oxide with
perovskite structure is a highly important group for developing
a new ion conductor.

Although the oxide with perovskite structure is anticipated
to be a superior oxide ion conductor, typical perovskite oxides
such as LaCoOj3 and LaFeOjs are known as a famous mixed
electronic and oxide ionic conductors. Therefore, these mixed
conducting perovskite oxides can be used as the cathode cata-
lysts for SOFC or oxygen permeating membranes. For the
electrode catalysis, not only high electrical conductivity but
also high catalytic activity is required. LaCoO;-based oxide
exhibits the high activity for oxygen dissociation and so the
high activity to the oxidation reaction of hydrocarbon, the val-
ue is comparable with that of Pt catalyst, a famous oxidation
catalyst.’ In addition, LaCoOs3 doped with Sr on La sites is a
famous high electrical conductor. However, the oxide ion con-
ductivity in this LaCoOj is higher than that in 8 mol % Y,O3-
stabilized ZrO,, a typical oxide ion conductor. Therefore,
development of a high oxide ion conductor is expected from
the perovskite oxide studies. Now the large majority of perov-
skite oxides exhibiting the oxide ion conduction are classified
as mixed conductors, which show both electronic and oxide
ionic conduction.

Takahashi and Iwahara have done pioneering work on oxide
ion conductivity in perovskite-type oxides.® They reported the
fast oxide ion conductivity in Ti- and Al-based perovskite ox-
ide. Figure 2 shows the oxide ion conductivity in some perov-
skite oxide reported by Takahashi and Iwahara.® This figure
makes it clear that Al- or Mg-doped CaTiO;3 exhibits the high-
est conductivity. Therefore, Takahashi and Iwahara investigat-
ed the oxide ion conductivity in CaTiOs; in detail. On the other

AWARD ACCOUNTS

Temperature /°C

200 1000 [:1e]e] €00
= T 1 { REB 1

ot !

E)

T

1072

T T

7
/O
’
7
Ld
2
%
/
(4
/.
*
y

107

T 11T

1
/

Conductivity/Scmrt

T
&~
e’
7
o
'.

N .
~

s’ 1 | ! !

o7 08 0-9 1-0 11 -2

TY10°K™?

Fig. 2. Temperature dependence of oxide ion conduc-
tivity in some perovskite oxide. Number in figure corre-
sponds to the following sample; (1) LaAlOs, (2) CaTiOs,
(3) SrTiOs, (4) Lag7Cag3AlO3, (5) LagoBagAlO;3, (6)
SrTig9Alg.103, (7) CaTigosMgo.0503, (8) CaTigsAlys0s,
(9) CaTip9Alp30s5.
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Fig. 3. Transport number of some perovskite oxide estimat-
ed with H,—O, gas concentration cell. Number in figure
corresponds to the same one in Fig. 2 and broken line
and solid line are the data obtained by O,—air and O,-
humidified H, cells, respectively.

hand, Figure 3 shows the transport number estimated with H,—
O, gas concentration cell. Although the high transport number
of oxide ion is obtained on CaTip9sMgp 0503 at intermediate
temperature, Ca-doped LaAlOj; is another attractive candidate
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Fig. 4. Oxide ion conductivity in NdAlO3 at 1123K as a
function of Ga amount.

as a oxide ion conductor, since no electronic conduction ap-
pears in reducing atmosphere and transport number is higher
than 0.9 over the entire temperature range, as shown in Fig. 3.

After the report of Takahashi and Twahara,® many research-
ers have investigated the oxide ion conductivity in LaAlOs-
based oxide. However, the reported oxide ion conductors with
perovskite structure exhibited lower ionic conductivity than
that of YSZ. In the conventional study on perovskite oxide
of ABOs, researchers have believed that the electric or dielec-
tric property was strongly dependent on B site cations. Howev-
er, a migrating oxide ion will have to pass through the triangle
space consisting of two large A and one small B site cations in
the crystal lattice. Theoretical calculations suggest that the
enlargement of the size of this triangle space is important for
improving the migration of oxide ion.” Therefore, the ionic
size of the A site cation seems to influence greatly the oxide
ion conductivity. Based on these concepts, we studied first
the oxide ion conductivity in NdAIOs; doped with Ga at Al
sites.® The addition of Ga3*, a larger ion than AI**, to B sites
of NdAIO; is effective for improving the oxide ion conductiv-
ity.? Figure 4 shows the oxide ion conductivity at 1123K as a
function of Ga amount. In accordance with the prediction,
oxide ion conductivity increased with increasing amount of
Ga and it attained the maximum (log(o/Scm™!) = —1.5 at
1223 K when 50 mol % Ga was doped at Al sites in LaAlOs.
Since no oxygen vacancy is formed by doping Ga’* due to
the valence number being the same, the improved oxide ion
conductivity is brought about by the improved mobility of ox-
ide ion. Although the high oxide ion conductivity was obtained
on Ndy¢Cay ;Alg5Gag 503, the oxide ion conductivity of this
compound is still lower than that of YSZ. However, we expect
that the higher oxide ion conductivity will be obtained on the
perovskite oxide with the larger unit lattice size. LaGaO3 has
quite a large unit lattice size judging from the JCPDS data base
(Card No. 24-1104); therefore, higher oxide ion conductivity
in Ga-based perovskite-type oxide is predicted.

3. LaGaOs-Based Oxide Doped with Sr and Mg
(LSGM) as a New Oxide Ion Conductor

Since Ndj¢Cag;GaOs also exhibits oxide ion conduction,
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Fig. 5. Arrhenius plots of the electrical conductivity of
Ca-doped LnGaO3 (Ln = La, Pr, Nd, and Sm).

oxide ion conductivity in Ga-based perovskite oxide was in-
vestigated. Arrhenius plots of the electrical conductivity of
Ca-doped LnGaO3; (Ln = La, Pr, Nd, and Sm) are shown in
Fig. 5.'0 It is obvious that the oxide ion conductivity strongly
depends on the cations for A site, which is similar to the case
of Al-based oxide. The electrical conductivity increased in the
following order, Pr > La > Nd > Sm. The electrical conduc-
tivity of all Ga-based perovskite oxides is almost independent
of the oxygen partial pressure. Therefore, it is expected that the
oxide ion conduction will be dominant in all Ga-based perov-
skite oxides. Since the electrical conductivity of LaGaOs is in-
dependent of oxygen partial pressure in the widest range
among the examined oxides, the oxide ion conductivity in
LaGaOs; is the most promising among these Ga-based oxides.

Doping a lower valence cation generally forms the oxygen
vacancies due to the electric neutrality; the oxide ion conduc-
tivity will increase with increasing the amount of oxygen
vacancies. Therefore, doping alkaline earth cations to La sites
was investigated and the oxide ion conductivity is shown in
Fig. 6.!' The electrical conductivity in LaGaO; depends
strongly on the alkaline earth cations doped at La sites and in-
creased in the following order Sr > Ba > Ca. Therefore, the
strontium is the most suitable dopant for La sites in LaGaOs.
Theoretically, increasing amount of Sr will increase the
amount of oxygen vacancy and the oxide ion conductivity will
be elevated with increasing Sr amount. However, the solid sol-
ubility of Sr into La sites of LaGaOs is poor and the secondary
phases SrGaO; or LasSrO; form when the amount of Sr be-
comes higher than 10 mol %. Therefore, the amount of oxygen
vacancy introduced by La site doping is not large.

In case of the perovskite oxide, oxygen vacancy can be also
introduced by doping Ga sites in addition to La sites. In the
conventional studies, this so-called “double doping” of aliova-
lent cations is limited. The effects of dopant on Ga sites of
Lag¢Srp1GaOs were studied for further improvement of the
electrical conductivity. It is found that doping Mg is highly ef-
fective for increasing the conductivity, since additional oxide
ion vacancies are formed. The oxide ion conductivity is further
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Fig. 6. Effects of alkaline earth cations in La site on the
oxide ion conductivity in LaGaOs.

increased by increasing the amount of doped Mg; it attained
the maximum at 20 mol % Mg doped for Ga sites. The lattice
parameter also increases by doping Mg for Ga sites, since the
ionic radius of Mg is larger than that of Ga. The solid solubil-
ity of Sr into LaGaOs lattice seems to reach a limit around
10 mol % without Mg; however, it increases up to 20 mol %
by doping Mg for Ga site. This enlargement in the limit of
Sr solid solution in La sites is also reported by Majewski et
al.'? This seems to be due to the enlarged crystal lattice. In
any case, the authors found that the highest oxide ion conduc-
tivity in LaGaO3-based oxide is obtained at the composition of
Lag Sr92Gag sMgo 203"

After our report,'! oxide ion conductivity in LaGaOs-based
oxide was investigated by several groups and various cations
were examined as a dopant for LaGaOs-based oxides.'* Huang
and Petric investigated the oxide ion conductivity in various
compositions and expressed the oxide ion conductivity in con-
tour maps.'> It was reported that the highest oxide ion con-
ductivity was obtained at the composition of Lag gSrg,Gag gs-
Mgp.1503. On the other hand, Huang et al. also investigated
the oxide ion conductivity in LaGaO3z doped with Sr and Mg
at various compositions. Figure 7 shows the contour plot of
the conductivity at 1073 K.'S The optimized composition in
La;_xSryGa;_yMgyOs; with the highest conductivity o =
0.17Scm™! is X = 0.2, Y = 0.17.'° However, the optimized
composition among the three groups is close and the optimized
composition in Sr- and Mg-doped LaGaO; exists between ¥ =
0.15 to 0.2 in LaggSrp,Ga;_yMgyOs.

Figure 8 shows the comparison of oxide ion conductivity of
doubly doped LaGaO; with the conventional oxide ion con-
ductors.'® Tt is obvious that the oxide ion conductivity in
Lag gSrp2GagsMgp 203 is higher than the typical conductivity
of ZrO,- or CeO,-based oxides and somewhat lower than those
of Bi,O3-based oxides. It is well-known that electronic con-
duction is dominant in CeO,- or Bi,O3-based oxides under a
reducing atmosphere; furthermore, thermal stability is not sat-
isfactory in Bi,O3-based oxides. In contrast, LaggSrg,Gag s-
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Fig. 7. Contour plot of the conductivity in La;_ySryGa;_y-
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Fig. 8. Comparison of the oxide ion conductivity in doubly
doped LaGaOs with the conventional oxide ion conduc-
tors.

Mg ,0; exhibits wholly ionic conduction from Pg, = 10720
to 1atm. Therefore, doubly doped LaGaO; perovskite oxide
shows great promise as the solid electrolyte of fuel cell and
oxygen sensor.

Since the minor carrier of electron and hole determines the
chemical leakage of oxygen when the oxide ion conductor is
applied for the electrolyte of SOFC, performance of electron
and hole conduction is an important subject. Performance of
hole and electron conduction and transport number of oxide
ion in LaGaO3-based oxide were measured by the polarization
method by Baker et al.,!” Yamaji et al.,'® and Kim et al."”
Figure 9 shows the estimated hole and electron conduction
in LSGM as a function of oxygen partial pressure.'® It is seen
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Fig. 9. Estimated hole and electron conduction in LSGM as
a function of oxygen partial pressure.
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Fig. 10. Boundaries of the electrolytic domain of

Lag 9Srp.1Gag Mg 03 in the plane of log(Pp,/atm) ver-
sus reciprocal temperature.
that Po, dependence of hole and electron is Po,'/* and
Pox~ /4, respectively, and well obeys the Hebb—Wagner theo-
ry. This polarization method clearly suggests that LaGaOs3-
based oxide exhibits almost pure oxide ion conduction over
a wide range of oxygen partial pressure (10° > Pgy > 1072
atm). Compared with CeO,-based oxide or Bi,O3 oxide, this
is a remarkable advantage of this LaGaOs3-based oxide and
the stability against the reduction corresponds to that of ZrO,-
based oxide. Consequently, it can be said that LaGaOs-based
oxide is highly promising as an electrolyte, particularly if com-
pared with ceria-based oxide. Kim et al.!” also investigated
the temperature dependence of hole and electronic conductiv-
ity in LagoSrg1GagsMgp,03 with the polarization method.
Figure 10 shows the evaluated boundaries of the electrolytic
domain of LagoSrg1GaggMgp,0s in the plane of log(Poy/
atm) versus reciprocal temperature. The lower boundary of
the electrolytic domain (defined as fio, > 0.99) for LSGM is
10723 atm at 1273 K. This is even lower than that of CaO-sta-
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(GDC), and LSGM.

bilized ZrO, and that of YSZ. Consequently, it is clear that the
electrolytic domain covers the Pg, range required for SOFC
and that this LSGM could be used for the electrolyte of SOFC.

Yokokawa et al. estimated the electrolyte efficiency when
LSGM is used for the electrolyte of SOFC.° Electrolyte effi-
ciency is given by a function of fuel utilization for the power
generation and an internal resistance.”’ When the thickness of
the electrolyte became thinner, chemical leakage of oxygen
due to the electronic conduction became significant and the
fuel consumption without generating electronic power also
became significant resulting in the decreased electrolyte effi-
ciency. On the other hand, with increasing thickness of electro-
lyte, the internal resistance of the cell increases resulting in the
decreased electrolyte efficiency. Consequently, it is easily un-
derstood that some optimum thickness should exist for each
electrolyte provided the operating temperature and the current
density are fixed.

Figure 11 compares the efficiency loss at selected values of
thickness and at a current density of 0.3 Acm~2 in YSZ, Gd-
doped CeO,(GDC), and LSGM.? The efficiency loss in the
electrolyte increases rapidly with lowering temperature due
to the Arrhenius-type behavior of the ionic conductivity. In or-
der to achieve a high power density, it is essential to fabricate
a thin film. Although the ionic conductivity of YSZ is small
compared with those in GDC and LSGM, sufficiently high
power density is successfully achieved by using a 5-10 um
thick YSZ at a low temperature of 800-1000 K. However,
application of YSZ for the cell operating at an even lower tem-
perature is difficult, since the IR loss becomes significant. On
the other hand, the efficiency loss by consumption of fuel due
to the electrochemically leaked oxygen is significant in the
case of GDC. Although the transport number of oxide ion in-
creased with decreasing operating temperature, the efficiency
is not sufficiently high, as seen in Fig. 11. Therefore, ceria-
based oxide is not appropriate as the electrolyte for SOFC
operating at high temperature; however, doped ceria, in partic-
ular, Gd-doped ceria, becomes attractive because of the high
oxide ion conductivity. LSGM exhibits the high oxide ion
(as shown in Fig. 8) and the low electronic conductivity. Con-
sequently, the efficiency on this oxide is comparable with that
of YSZ, but the temperature at the highest efficiency becomes
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lower than that of YSZ, as seen in Fig. 11. If the thickness of
LSGM is 5um, then the highest efficiency can be achieved
around 700 K. Therefore, LSGM is expected to be a potential
electrolyte for SOFC operating at 600-800 K. Based on these
aspects, the applications of LSGM for the electrolyte of SOFC
are continuing at present.

4. Application of LSGM for the Electrolyte of SOFC

In order to achieve the high power density of fuel cells at
an intermediate temperature, one needs not only highly ionic
conductors but also highly active electrodes. Applications
of LSGM for the electrolyte of fuel cells were investigated.
Figure 12 shows the temperature dependence of the maximum
power density and the open circuit potential (OCV) of the cell
with Smg 5Srg sCoOj3 cathode and Ni anode. It is seen that open
circuit potential (OCV) increased with decreasing temperature;
results are in good agreement with the theoretical values which
are estimated by the Nernst equation. On the other hand, the
power density was improved by using SmgsSrgsCoOs3 for
cathodes at all temperatures examined. The maximum power
density is higher than 1.0 and 0.1 Wcem™2 at 1273 and 873K,
respectively in spite of the 0.5mm thickness electrolyte.
Goodenough and co-workers also investigated the application
of LaGaOj-based oxide for the electrolyte of fuel cell.?! A

H,+3vol%H ,0,Ni/La, 4Sr, ,Gay gMg, ,05/Sm, sSr sC00;, O,
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Fig. 12. Temperature dependence of the maximum power
density and the open circuit potential (OCV) of the cell
with Smg 5Srg5Co0O3; cathode and Ni anode. Thickness
of the electrolyte was 0.5 mm.

AWARD ACCOUNTS

similar large power density is reported at an intermediate
temperature with Lag¢Srp4CoOs cathode and Ni-La-doped
CeO, cermet anode. Due to such high power density, LSGM
is attracting much interest as an electrolyte of intermediate
temperature SOFC.

The reactivity of this LaGaO3 oxide has been also investi-
gated by several groups. The reactivity of LaGaOs-based
oxide?? with La(Sr)CoOj; perovskite oxide or Pt electrode®
is important. In particular, platinum seems to easily react with
gallium oxide to reduce Ga®t to Ga™, which is volatile. There-
fore, for the practical application of this material for the elec-
trochemical devices such as fuel cells, one should pay attention
to the choice of the electrode material and/or its conditions of
use such as temperature or atmosphere.

The thermal expansion property is another important subject
for the application of fuel cells. Hayashi et al.>* and the authors
reported the thermal expansion properties of LSGM. The ther-
mal expansion is increased with increasing the dopant amount.
Anomalies of thermal expansion for LaGaOj3 and LaggSrq -
GaOj; are observed around 400K and these can be assigned
to the phase transition from orthorhombic to rhombohedral.
On the other hand, Sr- and Mg-doped materials show the
monotonic expansion; the estimated average thermal expan-
sion coefficient is around 11.5 x 107K~ in the temperature
range from 298 to 1273 K. Therefore, the average thermal
expansion coefficient is slightly larger than but close to that
of Y,0O3-stabilized ZrO,.

The diffusivity in oxide ions in LSGM was further studied
with '80 tracer diffusion measurements.”> LSGM exhibits
the large diffusion coefficient and this large diffusion coeffi-
cient could originate from the high mobility of these oxide ions
comparing with the diffusion coefficient of fluoride oxide
(Table 1). Therefore, we consider that the perovskite structure
has a large free volume in lattice and this large free volume
could allow the high diffusivity of oxide ion, resulting in the
high oxide ion conductivity.

In summary, LaGaO3 doped with Sr and Mg for La and Ga
sites are likely to be useful electrolytes for the intermediate
temperature SOFC.

5. Transition Element Doping Effects on Oxide
Ion Conductivity in LaGaO3-Based Oxides

In this section, the effects of dopant on the oxide ion con-
ductivity in LaGaOs3-based oxides are described. In order to
improve the oxide ion conductivity, several groups have
already investigated the effects of the various cation dopants
on oxide ion conductivity in LaGaOs-based oxides. It is gen-

Table 1. Comparison of Mobility of Oxide Ion in Selected Fluorite and LSGM Oxide at 1073 K¥

D/cm?s™! Ea/eV 8 [Vo**]/ecm™3 D/cm? s~ ! M/em?V-lg~l Ref.
Z1031 Y0.1902 6.2 x 1078 1.0 0.10 2.95 x 10*! 1.31 x 107° 1.41 x 1073 Kilner et al.
710 858Cap 14007 7.54 x 107 1.53 0.142 4.19 x 10%! 1.06 x 1077 1.15 x 107° Simpson et al.
Zr g5Cag 150, 1.87 x 1078 1.22 0.15 4.43 x 10*! 2.49 x 1077 2.69 x 107 Kingery et al.
Cep9Gdy 10, 2.7 %1078 0.9 0.05 1.26 x 10%! 1.08 x 107° 1.17 x 1073 Kilner et al.
LSGM(9182) 3.24 x 1077 0.74 0.15 2.52 x 10% 6.40 x 107° 6.93 x 1073 this work
LSGM(8282) 4.13 x 1077 0.63 0.20 3.34 x 10*! 6.12 x 107 6.62 x 107 this work

a) Dy; Tracer diffusion coefficient, Ea; Activation energy, ; Oxygen deficiency, [Vo**]: Oxygen vacancy concentration, D; Self

diffusion coefficient, (; mobility.
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Fig. 13. Arrhenius plot of electrical conductivities of the
LaGaOj3-based oxides doped with some transition-metal
cations for Ga site.

erally believed that doping transition-metal cations such as Co,
Ni, or Fe enhances the electron or the hole conduction. There-
fore, doping these cations is not desirable from the viewpoint
of an oxide ion-conducting electrolyte. However, it is found
that oxide ion conductivity increased by doping Co without
any decreasing the transport number of oxide ion,?® if the
amount of Co is smaller than 10 mol %. In this section, the ef-
fect of the transition metal doping on oxide ion conductivity is
briefly summarized.

Baker et al. investigated the effects of transition metals Cr
and Fe on the oxide ion conductivity of LaGaOs-based ox-
ide.?” Tt was reported that doping Cr or Fe adding in Ga sites
induces the hole conduction in LaGaOs-based oxides, resulting
in the decreased stability against reduction. On the other hand,
we found that doping a small amount of transition metal, in
particular Co or Ni, is effective for increasing the oxide ion
conductivity in LSGM.?

Figure 13 shows the Arrhenius plot of electrical conductiv-
ities of the LaGaOs-based oxides doped with some transition-
metal cations for Ga sites. It was observed that the conductiv-
ity is improved by doping Co and Fe, and is lowered by doping
Cu and Mn. In the case of Ni, the conductivity decreased at
temperatures higher than 1073 K, whereas above 973 K, it in-
creased with increasing temperature. Such a decrease in con-
ductivity in spite of increasing temperature may result from
the significant electronic conductivity change caused by the
thermal reduction of Ni. From the P, dependence of electrical
conductivity, n-type conduction greatly enhanced by doping
Mn and Ni, and p-type conduction increases by doping Cu.
Kharton et al. also investigated the effects of transition-metal
dopant on the oxide ion conductivity in LaGao,gMgoAzOy28 Al-
though the amount of doped transition metal is much larger,
i.e., 40mol % for Ga sites, they also reported that doping
Mn and Cr decreases the oxide ion conductivity. However,
Thangadurai et al. reported that the LagoSrg;GapgMng,03
exhibits an oxide ionic conductivity that is comparable with
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Fig. 15. Oxide ion conductivity estimated from the trans-
port number and the total conductivity.

that of Lao.QSro'lGao‘gMg0‘203.29 In addition, the activation
energy for ion conductivity in Mn-doped sample is much
smaller than that of Mg-doped ones. However, the small acti-
vation energy may suggest the dominant electronic conduction
in this oxide. In contrast, the total conductivity of Fe- or Co-
doped specimens is almost independent of the oxygen partial
pressure. This suggests that the oxide ion conductivity increas-
es by doping Co or Fe.’® Therefore, the oxide ion conductivity
in Co-doped LaGaOs-based oxide will be important.

Figure 14 shows the electrical conductivity of Co-doped
LSGM at 1273K, Po, = 10~% atm and the transport number
of oxide ion at 1273 K as a function of Co content. The elec-
trical conductivity increases, whereas the transport number of
oxide ion decreases with increasing amount of Co. The oxide
ion conductivity values estimated from the transport number
and the total conductivity are shown in Fig. 15. The electrical
conductivity became higher with increasing amount of doped
Co and attains a maximum value around 10 mol %. The appa-
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Fig. 16. Open circuit potential as well as the maximum
power density at 1073 K as a function of Co content in
LaGaOs3-based oxide electrolyte.

rent activation energy for the electronic conduction monotoni-
cally decreased with increasing Co concentration and reaches a
value of 0.45¢eV for 10 mol % Co, which is almost half of the
value reported for YSZ. Although the highest oxide ion con-
ductivity is obtained at X = 0.1, the transport number of oxide
ion becomes smaller than 0.9. Since the decreased transport
number of oxide ion leads to a decrease in the energy conver-
sion efficiency of SOFC, it is considered that the desirable
composition as the electrolyte for SOFC is LaggSrg,Gagg-
Mgo.115C00,08503 (denoted as LSGMC-8.5) or one with even
lower Co content.

Figure 8 also shows the comparison of oxide ion conduc-
tivity of Co-doped LaGaOs-based oxide with the conven-
tional oxide ion conductivity values. It is seen that Co-doped
LaGaOs-based oxide exhibits even higher conductivity than
that of LSGM and Gd-doped CeO,. The values are close to
that of Bi,O3-based oxide, which exhibits pure oxide ion con-
duction in a limited Pg, range. Therefore, Co-doped LaGaOs,
in particular LSGMC-8.5, is highly attractive to use as the the
electrolyte of a solid oxide fuel cell.

Figure 16 shows the open circuit potential as well as the
maximum power density at 1073 K as a function of Co content
in LaGaOs-based oxide electrolyte.’! The open circuit
potential (OCV) decreases monotonically with increasing Co
amount. In particular, decrease in OCV is significant when
Co content is higher than 10 mol % in Ga site. This is caused
by the appearance of the hole conduction due to doping Co.
The dependence of OCV on the amount of doped Co is in good
agreement with that of the transport number of oxide ion, as
shown in Fig. 15. On the other hand, the power density in-
creased with increasing Co content and it attained a maximum
value at 8.5 mol % of Co doped for Ga sites. Improvement in
the power density is simply explained by the improved oxide
ion conductivity due to doping Co. When the amount of doped
Co became excessive, the hole conduction becomes significant
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Fig. 17. Power generating property of H,—O, cell at 1073
and 873K using 0.18 mm thickness LSGMC-8.5 for the
electrolyte.

and the cell becomes short-circuited, resulting in a decrease in
the power density. Consequently, it is obvious that the maxi-
mum power density is obtained at 8.5 mol % Co-doped LSGM
for electrolyte.

On the other hand, it is expected that the power density of
the cell increased with decreasing thickness of the electrolyte,
since the main internal resistance is still IR loss. Figure 17
shows the power density of H,—O, cell using 0.18 mm thick-
ness LSGMC-8.5 for the electrolyte at 1073 and 873 K. As ex-
pected, the power density of the cell increases with decreasing
the thickness of the LSGMC electrolyte. However, the open
circuit potential exhibited a tendency to decrease with decreas-
ing the thickness of electrolyte. This is explained by the in-
creased amount of leaked oxygen with decreasing thickness,
since LSGMC exhibits a small hole conduction. At 0.18 mm
electrolyte thickness, as shown in Fig. 17, the open circuit
potential decreased to 0.94V at 873 K. Therefore, from the
conversion efficiency point of view, it is expected that the de-
sirable thickness will exist. However, it is obvious that an ex-
tremely large power density is attained for thinner electrolytes.
The maximum power density is attained to values of 1.58 and
0.50Wcm~2 at 1073 and 873K, respectively, as shown in
Fig. 17. This power density at 873 K suggests that an SOFC
operable at less than 873 K can be realized by using a LSGMC
thin film as an electrolyte. The electronic power generation
property of an even larger-sized cell (¢)150 mm) using Lag g-
Srp2GagsMgg.15C00,0503 is also reported recently.’?33 Based
on the high power density of the cell using LSGMC for an
electrolyte, stacking of the cells using LSGMC electrolyte
was developed under collaboration with Mitsubishi Materials
and Kansai Electric Power Co. Figure 18 shows the cell de-
sign used for the stacking cell. Since one of the great draw-
backs of the SOFC stack is the gas seal, we adopted a so-called
seal-less structure. Both fuel and air were fed at the center of a
cylindrical cell and uncombustible fuel was oxidized at the
outer part of the cell module. Figure 19 shows the power gen-
erating property of the cells used for stacking, which were pre-
pared by tape-casting method. It is seen that the prepared cell
also exhibits a high power density at larger cell size of
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Fig. 18. Schematic view of the cell design used for stacking
cell under collaboration with Mitsubishi Materials and
Kansai Electric Power Company.
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Fig. 19. Power generating property of the cell used for
stacking cell.

@40 mm comparing with that of our studied one (¢20 mm).
The power density can reach a value of 0.2 W cm™? at a termi-
nal potential of 0.7 V. It is also noted that the energy conver-
sion efficiency was close to 50% (LHV) at 973 K. Therefore,
high energy conversion efficiency could be expected on the
SOFC using LSGMC electrolyte. Figure 20 shows the SOFC
system developed recently by Mitsubishi Materials by using
LSGMC electrolyte. This system successfully demonstrated
the total power of 1 kW, as expected and shows a small degra-
dation rate during 1500 h operation. These data suggest that the
developed LaGaOs-based oxide is highly promising as the
oxide ion conductor for lowering the temperature operation
of SOFC. This collaboration work is now containing and the
current target size of the cell module is 10kW, which will
be achieved during the following few years.
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Fig. 20. SOFC system developed recently by Mitsubishi
Materials by using LSGMC electrolyte.

6. Preparation of LaGaO3; Thin Film and Applied
for SOFC Operable at less than 773K

Although the operating temperature of the SOFC could be
lowered by using LSGMC electrolyte, an operating tempera-
ture of 973 K is still high for the mobile application and further
decrease in operating temperature is still required by industry.
However, further decrease in operating temperature can be ex-
pected by using LaGaOj thin films. In this section, preparation
of LSGM film was described and the power generating per-
formance of the cell using the resulting LSGM thin film was
introduced.

Many efforts have recently been made to fabricate SOFC
single cell with LSGM thin film as electrolyte.>*>° Because
of the reaction between LSGM and NiO during fabrication
of the cell, the high performance of the cell is not available
by using LSGM film.?*3% On the other hand, for SOFC appli-
cations, electrolyte films were normally prepared directly on
the porous substrates. If a porous substrate is employed, the
thickness of the electrolyte film will be limited to a relatively
large value like 30-50 um. However, a much thinner electro-
Iyte film (<5um) can be easily fabricated on the dense sub-
strate. Therefore, in this study, we developed a new concept
for preparation of thin LaGaO;-based oxide film for the inter-
mediate temperature SOFC.3” The dense anode substrate was
used for fabrication of a thin LSGM film as electrolyte by
pulsed laser deposition (PLD). In order to prevent the reaction
between substrate and electrolyte, SDC thin film was intro-
duced between LSGM and NiO-Fe;04—SDC substrate. The in-
troduction of a small amount of iron oxide into nickel oxide
can increase the chemical compatibility between LSGM and
NiO and can lower the anodic overpotential. Since NiO and
Fe;O,4 were reduced to Ni and Fe by H, treatment, the dense
substrate was changed to a porous one and can be used as a
porous anode substrate for SOFC.

The deposition parameters and the composition of the target
were optimized to get a dense electrolyte film with stoichio-
metric composition. The laser power and frequency were con-
trolled at 180mJpulse™! and 10Hz, respectively. The sub-
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Fig. 21.
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Surface morphology and the cross view of LSGM/SDC composite film prepared by pulsed laser ablation method.

a) As-deposited, b) after post annealed, and c) cross view after reduction.

strate was heated to 1073 K by an infrared heater and the back-
ground pressure of oxygen was adjusted to 0.005 Pa. In order
to facilitate the electrode process, firstly a thin layer of
Cep3Smg0,_s (SDC, ca. 400 nm) was deposited on the anode
substrate, and then LSGM film (ca. 5 um) was deposited. Both
resulting LSGM and SDC film were confirmed by EDX to be
almost the same as those of the target one. XRD analysis re-
vealed that the perovskite phase of LSGM was formed in the
thin film after deposition. The samples were post-annealed in
air at 1073 K for 60 min to ensure the superior contact and
development of the crystal structure of LSGM.

Figure 21 shows the surface morphology and the cross view
of LSGM/SDC composite film before and after annealing treat-
ment. No pinholes or cracks formed on the surface of the as-
deposited and post-annealed films. The surface of the as-depos-
ited film was smoother than that of the annealed one. On the
surfaces of both films, no obvious grain boundaries can be
observed. The LSGM/SDC composite film was dense and uni-
form in thickness, as shown in Fig. 21c. Although the substrate
became porous after the in-situ reduction of anode substrate,
the electrolyte film still kept gas-tightness, indicating that the
strength of the LSGM/SDC film is high enough and that the
change in size of the anode substrate is not large during the
reduction. Results also suggested that the thermal expansion
coefficient of the LSGM/SDC composite film matches well
with that of the anode substrate prepared.

The power generating property of the SOFC single cell us-
ing Smyg 5Srp5Co0; as cathode is shown in Fig. 22. Because
LSGM/SDC thin film was utilized as electrolyte in this cell,
high maximum power density was expected. So the cell was
only operated at relatively low temperatures from 673 to
973 K. The open circuit voltage (OCV) at 973 K reached a val-
ue of 1.08 V, which is close to the theoretical electromotive
force (1.15V) for a H,—O, SOFC single cell under the used
condition. So the LSGM/SDC composite film was dense,
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Fig. 22. Power generating property of the SOFC single cell
using Smyg sSrysCoOs3 as cathode.

i.e., gas-tightness. With lowering the operation temperature,
the OCV gradually decreased. Gas leakage from the molten
Pyrex glass seal may lead to this phenomenon. Although the
porosity of the anode substrate was not so high compared with
that of the normal anode on electrolyte plate, it is interesting
that no concentration polarization was observed on the -V
curves even though very high current flowed through the anode
substrate. That means H, can be easily permeated through the
anode substrate. The maximum power density of this cell
reached values of 3270, 1951, 612, and 80 mW cm~2 at 973,
873, 773, and 673 K, respectively. This is the highest power
density for double chamber SOFC single cells reported in
the open literature. This result indicates that the thin film
SOFC can be operated at temperature lower than 773 K with
a reasonably high power density. Successful demonstration
of a thin film SOFC single cell with high power density at re-
duced temperatures (from 673-873 K) may expand the SOFC
application to mobile power area.
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7. Concluding Remarks

In this study, the current status of the promising oxide ion
conductors of LaGaOj3-based oxide for the electrolyte of SOFC
is introduced. Large part of such non-fluorite oxide ion con-
ductors has the cubic-like perovskite structure. Recently,
there are some reports on such new oxide ion conductors.
Some of the non-cubic oxide conductors such as La;SigOs7
or La,GeOs are highly interesting. Therefore, in some near
future, there is a high possibility that the new non-cubic oxide
exhibiting extremely fast ion conductivity will be found. At
present, the electrolyte for high-temperature SOFC, which is
operating around 1273 K, seems to be fixed at Y,Os-stabilized
ZrO,; however, one for the intermediate temperature has not
been determined yet. The most promising candidate of electro-
lyte at the time of writing is considered to be LaGaOs-based
oxide which was found by our group. On the other hand, if
the operating temperature can decrease to the range from 673—
873 K, development of SOFC for the practical use could be
accelerated greatly. Such intermediate temperature fuel cells
(ITFC) will open a new application area for fuel cells, since
the power generating system should be the simplest among
the all types of fuel cells. In this ITFC, hydrocarbon fuels
can be directly used (no pre-reformer). Gas seal also became
much easier comparing with the high-temperature one. For
realizing the SOFC operating less than 773 K, one must over-
come many subjects overcome; however, we consider that the
day when SOFC is operable at such low-temperature ranges is
not so far in the future. We hope that the LaGaO; could open a
such new field of SOFC.
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