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Intermediate Temperature Solid Oxide Fuel Cells Using
LaGaO; Electrolyte
II. Improvement of Oxide lon Conductivity and Power Density by Doping
Fefor Ga Site of LaGaO5
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Effects of small amounts of Fe doping for Ga site in LaGaO3-based oxide on oxide ion conductivity is investigated in this study.
It is found that doping a small amount of Fe is effective for improving the oxide ion conductivity in LaggSrg,GaygMgg 03
(LSGM). The highest oxide ion conductivity was exhibited at x = 0.03 in Lay gSry ,Gag gM gy, Fe,O3 among the Fe-doped sam-
ples. Electron spin resonance (ESR) measurements suggest that Fe is trivalent in LaGaO; lattice. The application of the Fe-doped
LaGa03-based oxide for the electrolyte of solid oxide fuel cell was further investigated. Power density of the solid oxide fuel cell
was increased by using Fe-doped LSGM for electrolyte. This can be explained by the decrease in electrical resistance loss by
improving the oxide ion conductivity. A maximum power density close to 700 mW/cm? was obtained at 1073 K on the cell using
0.5 mm thick Lay gSrp2Gag gMdp 17F€ 0303 (LSGMF) and O, as the electrolyte and the oxidant, respectively. Therefore, close to
the theoretical open-circuit potential was exhibited by the LSGMF cell. On the other hand, the power density was slightly smaller
than that of the cell using Co-doped LSGM as electrolyte, especially, at temperatures lower than 973 K. This may result from the
large activation energy for ion conductivity. However, the power density of the LSGMF cell was higher than that of the LSGM cell.
Therefore, LSGM doped with asmall amount of Feisapromising electrolyte similar to Co-doped LSGM for the intermediate solid

oxide fuel cell.
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Solid oxide fuel cells (SOFC) provide a new and clean electric
power generating system At present, Y ,05-stabilized ZrO, (YSZ) is
commonly used as the electrolyte of a solid oxide fuel cell. Since the
oxideion conductivity of Y SZ isinsufficient for the electrolyte of fuel
cells, a thin eectrolyte film without gas leakage and an excessively
high operating temperature such as 1273 K are essential for the high
power density of SOFCs when YSZ is used as €electrolyte. On the
other hand, al the advantages of SOFC such as a high efficiency and
a variety of usable fuels can be obtained at decreased temperatures
such as 1073 K. Furthermore, the choice of the materials for cell con-
struction becomes wider; in particular, cheap refractory metals such
as a stainless steel will be usable by decreasing the operating temper-
ature to 900 K. Consequently, decrease in operating temperatureis an
important subject for the development of the cheap but the reliable
SOFCs.! In order to develop the intermediate temperature SOFC, an
active electrode, in particular, the cathode electrode catalyst, and an
electrolyte with alow resistance are essential . Ceriadoped with Gd or
Smisconsidered for the candidate el ectrolyte of the intermediate tem-
perature SOFC.2 However, ceria-based oxide exhibits a significant
electronic conduction in the reducing atmosphere,? which causes var-
ious problems for the application of SOFC.3-> On the other hand,
preparation of avery thin'YSZ film (less than 10 pm thick) is anoth-
er solution method for decreasing the operating temperature, and var-
ious methods are now under investigation.®

Except for making avery thinY SZ film, it is of great importance
for the intermediate temperature SOFCs to develop new electrolyte
materials which exhibit a high oxide ion conduction over a wide
range of oxygen partial pressures. In our previous study, the oxide
ion conductivity in the perovskite oxide was investigated, and it was
found that the LaGaO5-based perovskite-type oxide exhibits high
oxideion conductivity,”® which is comparable to that of CeO,-based
oxide. In particular, LaGaO5 doped with Sr for La and Mg for Ga
sites (denoted as LSGM) exhibits a high oxide ion conductivity sta-
bly over awide range of oxygen partial pressure.>12 It is generally
believed that doping with atransition metal cation is undesirable for
the ionic conductor due to the appearance of electron or hole con-
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duction.X® However, it was found that the oxide ion conductivity was
aso improved by doping Co for Ga site of LSGM, although hole
conduction appeared dlightly in the high oxygen partial pressure
range. Furthermore, it became clear that the application of Co-doped
LSGM for the electrolyte of SOFC greatly improves the power den-
sity of the cells at low temperature. On the other hand, it was found
that doping Fe also has similar positive effects on the electrical con-
ductivity in LaGaOs-based oxide. In the present study, therefore,
effects of Fe doping on the oxide ion conductivity in LSGM were
studied systematically. In addition, the power generating character-
istics of fuel cells using Fe-doped LSGM were further studied.

Experimental

Sample preparation.—Cal culated amounts of commercial La,O5
(Wako, 99.99% purity), SrCO3, MgO (Wako, 99.9% purity), Ga,O5
(Kishida, 99.99% purity), and Fe,O3 (Kishida, 99.5%) were mixed
in aAl,O3 mortar with a pestle and then precalcined at 1273 K for
6 h. Since the highest oxide ion conductivity was attained at
Lag gSrp2Gay gMgg »04, the effects of Fe doping on oxide ion con-
ductivity were studied at this composition. In order to clarify the
effects of the Fe dopant on the electrical conductivity, the total
amount of dopant in the Ga site was fixed at 20 mol % throughout
this study. The resulting powders were pulverized and isostatically
pressed into adisk (20 mm in diameter and 0.6 mm in thickness) at
274.6 MPain vacuum. The disks were finally sintered at 1773 K for
6 h. X-ray diffraction (XRD) measurement was performed to ana-
lyze the purity of the obtained disk by XRD meter (Rigaku Rint
2000) with Cu K line. It confirmed that the single phase of LaGaO5
perovskite was always obtained in this study.

Characterization of the obtained sample—The electrical con-
ductivity was measured as a function of temperature and oxygen par-
tial pressure by aconventional dc four-probe method with agas flow
system. Each measurement was performed for longer than 1 h at
least at each temperature and oxygen partial pressure to confirm a
stable conductivity. The partial pressure of oxygen was controlled by
mixing N,, CO, or H, with O,, and the oxygen partial pressure was
monitored by CaO-stabilized ZrO, oxygen sensor that was attached
close to the sample in the measurement cell. The transport number
of oxide ion was estimated by the electromotive force of the H,-O,
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gas concentration cell. The oxygen partial pressure of the fuel gas
was adjusted by adding 3 vol % H,0 to H,.

In order to estimating the valence number of Fein LaGaO;-based
oxide, electron spin resonance (ESR) measurements were performed
with Broker EPR 380. The sample was calcined in H,, He, and O,
atmosphere at 1173 K for 3 h. Before measuring, the sample was
evacuated at room temperature.

Application for electrolyte of solid oxide fuel cell.—In this study,
a single-planer-type fuel cell was aways fabricated by using the Fe-
doped LaGaO; based oxide electrolyte for the power generating
measurement. The obtained electrolyte disks were ground and pol-
ished with diamond wheels to 0.5 mm in thickness, and the specimen
at this thickness was always used for SOFC application. In our previ-
ous study, it was found that Smg 5Srg sC00O5 exhibits a small overpo-
tential at intermediate temperatures. Therefore, this SmCoO; based
oxide was always used as the cathode of SOFC. Calculated amounts
of Sm,05; (Wako, 99.99% purity), Sr(CH3COO),, and Co(NO3),
were dissolved in a deionized water and heated to dryness with stir-
ring. The obtained precursors were calcined at 1473 K for 6 hiin air.
Formation of single-phase SmCoO5 perovskite oxide was confirmed
by XRD analysis. The commercia NiO (Wako, 99.9%) without fur-
ther purification was always used as the precursor of the anode. Slur-
ries of the obtained cathode oxide and NiO were prepared by using n-
buty! acetic acid as a solvent. About 30 mg of the slurry consisting of
NiO- or Sr-doped SmCoO; were applied on one face of LaGaO3
disks (5 mm in diam) by painting with a brush, respectively, followed
by calcining at 1173 K for 10 min. Before measurement of power
generating characteristics, NiO was reduced to Ni in a hydrogen
stream at 1273 K.

The electrical power generating characteristics of a single SOFC
were measured with the four-probe method using humidified hydro-
gen (3 val % H,0) as afuel and oxygen as an oxidizing agent. The
current density was controlled with a galvanostat (Hokuto HA301).
It is also noted that the theoretical electromotive force estimated by
the Nernst equation is 1.10 V at 1273 K under the condition used.
Each gaswas fed at 100 mL min~1, and molten Pyrex glass was used
for sealing the cells. The overpotentia of the electrode was meas-
ured with a current interrupting method. A current pulse generated
with the current pulse generator (Hokuto Denko, HC-111) was ap-
plied across the cathode and the anode, and the transient potential
across the test electrode and the reference electrode, which was put
at the side of the cathode, was analyzed with a digital spectrum ana-
lyzer (Takeda Riken TR-9404).

Results and Discussion

Valence number of Fein the crystal lattice of LaGaO5;.—Figure 1
shows the XRD patterns of Fe-doped LaGaO; based oxide. These
patterns mainly consist of peaks from the LaGaO5 perovskite phase.
Therefore, the main phase of the specimens was LaGaO; perovskite,
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Figure 1. X-ray diffraction patterns of Fe doped LaGaO; based oxide.
(O) LaGa0g, (V) SrLaGa0,.

however, some weak peaks which can be assigned to LaSrGaO,
were observed on the XRD pattern of LaGaO3-based oxide doped
with more than 5 mol % of Fe. However, no diffraction peak from an
oxide containing Fe was observed. Consequently, it can be said that
the substitution of Ga with Fe in LaGaOs-based oxide was per-
formed at Fe contents smaller than 7 mol %.

In order to clarify the change in the defect concentration, de-
termining the valence number of Fe in the lattice is of great im-
portance. In this study, the valence number of oxide ion was meas-
ured with ESR. Figure 2 shows the ESR spectra of
Lag gSrp2Gay Mg 19F€n 0105 after calcination in Hy, He, and O,
atmosphere. It is reported that trivalent Fe is very sensitive to ESR
measurement.1* After calcining in H,, the color of the specimens
changed from dark brown to light azure. It isclearly shownin Fig. 2
that ESR signalswere observed at g values of 4.20 and 2.40 after cal-
cining in Hy. Thissignal is the typical one for an octahedral Fe(ll1).
Therefore, it is suggested that iron substituted at the Ga site in the
perovskite | attice and the valence number of most of the doped Feis
trivalent. Considering the stable valence and the coordination num-
ber, this is reasonable. On the other hand, the intensity of the ESR
signal at ag value of 4.12 decreased, and anew broadening ESR sig-
nal appeared by calcinationin O, at 1173 K, asshown in Fig. 2. Itis
aso noted that the color of the specimens returned to the original
color of dark brown. Since the intensity of the ESR signal assigned
to Fe(l11) was further weakened by calcination in an atmosphere at
higher po,, it seems likely that some part of Fe(l11) was oxidized to
Fe(lV), abeit a very limited amount. Although the number of the
iron compounds consisting of Fe(1V) isvery limited, it was reported
that Fe(1V) is formed in perovskite-type oxide.r> However, consid-
ering the stable valence number and strong ESR signal at g = 4.20,
trivalent iron is dominant species both in O, and H, atmosphere. It
is also noted that the ionic radius of Fe3* is 64 pm, which is almost
the same as that of Ga®*, 62 pm.

Effects of Fe dopant in Ga site on oxide ion conductivity—Fig-
ure 3 showstheelectrical conductivity at 1223 K, and pg, = 10~5am
and the apparent activation energy for the electrical conductivity of
Fe-doped LSGM as a function of Fe content. It is evident that the
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Figure 2. ESR spectra of LaygSrg ,Gag gMg 19F€y 0,03 after calcination in
(a) Hy, (b) He, and (c) O, at 1123 K for 3 h.

Downloaded on 2016-09-15 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

1334 Journal of The Electrochemical Society, 147 (4) 1332-1337 (2000)
S0013-4651(99)09-056-4 CCC: $7.00 © The Electrochemical Society, Inc.

-02r+——m——+————7————

1

(=)

[$)]
Actvation energy /eV

log(a/Scm™)

0.45

L 0 0
0.5 0
X inLa,Sr ,Ga Mg . Fe O,

0802

et
0.1

Figure 3. Electrical conductivity at 1223 K, po, = 107> atm and apparent
activation energy for conductivity in LaggSrg -GaggMdg»—xFeO3 as afunc-
tion of x value. (O) Conductivity, (@) activation energy.

electrical conductivity increased with increasing Fe content, attaining
amaximum value at x = 0.03 in LayggMgg-Gag gGag o Fe,0s. Al-
though the formation of a secondary phase cannot be observed in the
XRD pattern as shown in Fig.1, the electrical conductivity gradually
decreased with increasing Fe content in the range of x values higher
than 0.05. This may result from a limit in solid solution of Fe in the
Gasite of LaGaOs. In any casg, it is obvious that the highest conduc-
tivity was attained at x = 0.03 (Lay gMgg ,Gag §Gag 17F€,0303 denot-
ed as LSGMF).

Figure 4 shows the electrical conductivity as a function of oxy-
gen partial pressure. Since the electrical conductivity decreases with
decreasing oxygen partial pressure, it is clear that the electronic hole
conduction is present in high oxygen partial pressure by doping Fe
and becomes significant when the amount of Fe is higher than
10 mol %. The order of pg, dependence of conductivity is estimated
to be ca. 0.025 when 15 mol % Fe was doped for the Ga site. There-
fore, oxide ion conductivity is still dominant at this composition. To
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Figure 4. Electrical conductivity of LSGMF at 1123 K as a function of oxy-
gen partial pressure.

explain hole conduction at high oxygen partial pressure, the follow-
ing equations can be incorporated into a mass-balance

3

Eo2 =2Vy + 6h" + 307 (1]

2V + 3VO™ =i (2

Here, M=Gaor Laand i means an electrically neutral lattice point.
These equations show that three molecules of the excess oxygen are
incorporated into the lattice by the formation of Fe**, and the oxy-
gen vacancy disappears by the introduction of excess oxygen. Ac-
cording to this equation, the hole concentration should increase with
P& and the hole conductivity also increase with the same p, de-
pendence. On the other hand, the amount of the oxygen vacancy de-
creases, resulting in decreased oxide ion conductivity. The total con-
ductivity is the sum of the hole and oxide ion conductivity, with the
oxide ion conductivity being dominant in these Fe-doped LaGaO3-
based oxides. Therefore, it is considered that the p,,, dependence of
the conductivity at high oxygen partia pressure becomes much
smaller than 3/16. On the other hand, the electrical conductivity was
almost independent of the oxygen partial pressure from pg, = 1075
to 102! atm at such a high Fe doping amount. This suggests that the
oxide ion conductivity is also stable in samples doped with Fe at
more than 10 mol % in Gasites. Thisis explained by the stability of
Fe3* over a wide range of oxygen partial pressure. On the other
hand, electronic hole conduction was hardly observed at Fe content
less than 5 mol %. Therefore, it is expected that the oxide ion con-
ductivity was stably exhibited on the specimens for which the
amount of doped Fe was less than 5 mol %. Since the electrical con-
ductivity increased by doping Fe in this range, doping Fe to the Ga
site seems to be effective for increasing the oxide ion conductivity.
It is aso noted that no electronic conduction behavior was observed
on all specimens. Consequently, doping Fe to LaGaO3-based oxide
yields electronic hole conduction (p-type semiconduction), but no
electronic conduction (n-type semiconduction).

Figure 5 shows the temperature dependence of the transport num-
ber of oxideion, estimated with the H,-O, gas concentration cell. Itis
clear that the high transport number of oxide ion is exhibited on all
specimens. This is in good agreement with the result of pg, de-
pendence of the electrical conductivity in Fig. 4. The estimated trans-
port number of oxide ion decreased with decreasing temperature,
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Figure 5. Temperature dependence of the transport number of oxide ion in
LSGMF. Transport number was estimated with the el ectromotive forcein H,-
O, cell.
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since hole conduction became significant with decreasing tempera-
ture. It was reported that the excess oxygen is increased by decreas-
ing temperature for the LaCoO5- or LaMnOs-based oxides. 1617 Con-
sidering Eq. 1 and 2, the increase in the excess oxygen causes a de-
creasein the oxide ion conductivity dueto the reduced amount of oxy-
gen vacancies. However, all specimens exhibited a transport number
higher than 0.8 at al temperatures examined. Compared to Co-doped
LaGa05-based oxide, the Fe-doped oxide exhibited a higher transport
number at all compositions. This may result from the stable valence
number of Fe>™ in LaGaO; lattice.

Figure 6 shows the comparison of the oxide ion conductivity of
LSGM doped with Co and Fe. It is clear that both LSGMF and
LSGMC exhibits a higher oxide ion conductivity than LSGM. Dop-
ing Co decreased the activation energy for electrical conduction,
however, activation energy of LSGMF is aimost the same as that of
LSGM. As a result, LSGMF exhibited a dlightly higher oxide ion
conductivity than that of LSGMC at high temperature. However, at
low temperature, LSGMC exhibits the higher conductivity. On the
other hand, hole conduction was significant in LSGMC, but not so
significant for LSGMF. In case of LSGMC in our previous study, the
vaence number of Co was divaent. Therefore, a higher transport
number of LSGMF than that of LSGMC could be explained by the
higher stability of Fe3* than that of Co?". Considering the higher
transport number of oxide ion, LSGMF is also attractive as a solid
electrolyte for SOFC. On the other hand, the amount of the oxygen
vacancy was decreased by doping Fe3* instead of Mg2*. In spite of
the decreased amount of oxygen vacancy, the improved oxide ion
conductivity seemsto be explained by theimproved mobility of oxide
ion. Thisis because theionic size of Fe3* (64 pm) isintermediate be-
tween Ga®* (62 pm) than Mg?" (66 pm). Consequently, the origin of
the dopant effect of Fe seems to be the release of the local stressin
the lattice due to the mismatch in ionic size. It is aso noted that the
optimized amount for Fe doping is at the small level of 3 mol %, be-
cause an excess of Fe decreased the amount of oxygen vacancy.

Power generation characteristics of SOFC using LSGMF as
electrolyte—For the application of LSGM as electrolyte of SOFC,
it was found that Smg sSrsCoO3 and Ni were appropriate for the
cathode and the anode, respectively.? By using the same cathode and
anode, the power generating characteristics were studied with Fe-
doped LSGM used for the electrolyte in this study. Figure 7 shows
the maximum power density of the cell using Fe-doped LSGM at
1073 K as afunction of the Fe amount. In this figure, the conductiv-
ity of LSGMF at 1123 K was also shown. It is obvious that the max-
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Figure 6. Comparison of the oxideion conductivity of LSGM doped with Co
and Fe with the conventional fluorite oxide.

imum power density was increased with increasing amount of Fe
and attained to the maximum value of 700 mW/cm? at x = 0.03. In
addition, the open-circuit potential of this cell attained a value of
1.09 V, which almost corresponds to the theoretical value of 1.10 V.
At this composition, it is clear that the electrical conductivity also
attains a maximum value. Therefore, it is anticipated that the im-
proved power density by doping Fe was obtained by increasing the
oxide ion conductivity.

The internal resistance of the cell using LSGMF as the elec-
trolyte was estimated with the current interruption method and the
estimated ohmic loss (IR loss), overpotential of the cathode (mca),
and the anode (m,y) are shown in Fig. 8 against the amount of Fe
content in the electrolyte. It is clear that the main internal resistance
of the present cell was the ohmic loss which almost corresponded
with the vaue estimated from the conductivity of the electrolyte.
The cathodic or the anodic overpotential are generally believed to be
independent of the electrolyte conductivity; however, both overpo-
tentials were decreased by a decrease in the Fe content and attained
minimum values at x = 0.03. This tendency is more apparant on the
anodic overpotential. Consequently, the improved power density was
not simply brought about by the decrease in the electrical resistance
of the electrolyte but also by the decrease in the overpotential of the
electrodes, in particular the anode.

The temperature dependence of the maximum power density
together with the open-circuit potential of LSGMF cell is shown in
Fig. 9. The open-circuit potentials were slightly smaller than the the-
oretical value when LSGMC is used as the electrolyte; however,
LSGM and LSGMF cells exhibited open-circuit potentials close to
the theoretical potential of 1.1V at al temperatures. Thisisaso in
good agreement with the results of the oxide ion transport-number
measurement. On the other hand, a notably large power density was
sustained at low temperature (higher than 100 mW/cm? at 873 K) on
the LSGMF cells given the fact that the thickness of the electrolytes
was 0.5 mm. The power density of the LSGMF cell was smaller than
that of the LSGMC cell at the examined temperatures range dueto a
slightly larger ohmic loss. However, the open-circuit potential of the
LSGMF cell is higher than that of LSGMC cell and close to the the-
oretical value at all temperatures. Therefore, it is expected that the
amount of electrochemically leaked oxygen was negligible in the
LSGMF cell. Consequently, it is expected that the energy conversion
efficiency in the LSGMF cell is higher than that of the LSGMC cell.
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Figure 7. Maximum power density of the LSGMF fuel cell at 1073 K
and oxide ion conductivity at 1123 K as a function of Fe content in
electrolytes. Thickness of electrolyte; 0.5 mm. Cell: H, + 3 vol % H,0,
Ni |L &g 510, 2Gap sMgo 2 xFexQ3/SMy 57 5C003, O, (O) Maximum power
density, (CJ) conductivity.
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cell at 1073 K asafunction of Fe content in electrolytes. Anode, Ni; cathode,
Smy 5Sr5C00;5, reference, Pt.

From the efficiency point of view, LSGMF is a more attractive elec-
trolyte than LSGMC.

In a commercial fuel cell, air is generally considered to be used
for an oxidant. Therefore, in this work, the power generation char-
acteristics of the LSGMF cell using air as the oxidant were studied.
Figure 10 shows the comparison of the power generation character-
istics of H,-O, and H,-air cells. It is considered that the open-circuit
potential as well as the maximum power density decrease by de-
creasing the oxygen partial pressure. Although the open-circuit po-
tential was not significantly changed, the use of air for the oxidant
resulted in a decrease in the maximum power density at 1073 K.
However, that reduction in the power density was not significant.
The same tendency was also observed for the LSGMC cell. It is
anticipated that the decrease in the oxygen partial pressure will de-
crease the adsorption rate of oxygen on the cathode and, conse-
quently, the power density will be decreased due to the increased
cathodic overpotential. However, the same decrease in the power
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Figure 9. Temperature dependence of the maximum power density and open-
circuit potential of LSGMF cell.
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Figure 10. Effects of oxidant on the power generation characteristics of the
LSGMF cell. Anode; Ni, Cathode; Smg 5Sr C0Os; thickness of electrolyte,
0.5 mm.

density was hardly observed at 873 K. It seems that the rate-limiting
step for the cathodic reaction was changed from the adsorption con-
trolled process to the diffusion controlled process with decreasing
temperature. Therefore, the increase in the cathodic overpotential
does not seem to be significant in spite of the decrease in the oxygen
partial pressure at intermediate temperatures. Consequently, the de-
crease in the power density by changing the oxidant from O, to air
was not significant at intermediate temperatures.

Figure 11 shows the impedance of the anode and cathode of the
LSGMF cell at the open-circuit condition. It is clear that the anodic
overpotential was far larger than the cathodic one. Therefore, in the
present cell, it is considered that the anodic reaction is the rate-deter-
mining step and Smy5Sry5Co0; is highly active to the cathodic
reaction, namely, the dissociation of oxygen molecules into oxide
ions at low temperature. The similar impedance plots for Ho-air cell
were also measured, and the results are superimposed in Fig. 11.
Compared with the impedance plots of the H,-O, cell, the semicir-
cle for the anodic reaction was hardly changed; however, obviously,
that for the cathodic reaction was increased on the H,-air cell. In par-
ticular, the semicircle at low frequencies was increased by changing
the oxidant from O, to air. It is clear that the semicircle of the cath-
odic overpotentia is slightly depressed. This suggests that the cath-
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Figure 11. Complex impedance plane plots of anode and cathode of the
LSGMF cell at the open-circuit condition at 1073 K. Cell: H2_ + 3 vol %
H,0, Ni|LaggSr0,G80,gMJo 2 xF6,03| STy 5870 sC003, Oy, or air.
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Figure 12. XRD pattern of the LSGMF cell at the cathode side after meas-
urement of the power generating characteristic at 1273 K.

odic reaction consists of at least two steps. It is anticipated that the
cathodic reaction mainly consists of the adsorption and the follow-
ing diffusion process. It is generally expected that semicircle as-
signed to the diffusion step appearsin alower frequency region. De-
creasing the oxygen partial pressure will decrease the surface oxy-
gen concentration. Consequently, it seems likely that the diffusion
resistance in the cathodic reaction is increased by changing the oxi-
dant from O, to air due to the increase in the oxygen concentration
difference between the cathode and the electrolyte surface. Anyway,
it is obvious that the decrease in power density by changing from O,
to air as an oxidant is caused by the enlarged cathodic overpotential.
It was reported that Co-based perovskite cathode oxide was eas-
ily reacted with Y SZ to form a secondary phase. Therefore, the reac-
tivity of SmCoOz-based cathode with LSGMF was examined with
XRD measurement before and after the power measurement. Fig-
ure 12 shows the XRD pattern of LSGMC cell at the cathode side
after the measurement of the power characteristics. Clearly, only the
diffraction peaks from LSGMF and SmCoO; were observed, and
there were no observable diffraction peaks from the secondary phase
nor changes in diffraction angle in Fig. 12. Consequently, the reac-
tivity of LSGMF to SmCo0O5-based oxide cathode was sufficiently
low for the application of SOFC. On the other hand, durability of the
power density of the LSGMF cell was also measured, and it was
confirmed that the decrease in the power density was insignificant
within the initial few 100 h. Therefore, it can be said that substitu-
tion of the part of Mg in Ga site of LaGaO5 with Fe is effective in
improving the oxide ion conductivity and Fe-doped LSGM is the
attractive electrolyte for an intermediate temperature SOFC.

Conclusion

It is generally believed that doping a transition metal cation is
undesirable for oxide ion conductivity, since electronic conduction
emerges. However, this study revealed that doping 3 mol % Feto the
Gasite of LSGM is effective for increasing the oxide ion conductiv-
ity. Although an excess amount of Fe resultsin significant hole con-

duction at high oxygen partial pressures, the oxide ion conductivity
in LaggSrp2GaggM g?_l7Fe0_03O3 was stably exhibited in the pg,
range from 1 to 10~%L atm.

Although the power density was dightly smaller than that of the
cell using Co-doped LSGM for the electrolyte, amost the theoretical
open-circuit potential was exhibited on the cell using the Fe-doped
LSGM. Therefore, it can be said that the usage of LSGMF for the
electrolyte is also promising for decreasing the operating temperature
of SOFC. The maximum power density of the cell was dightly
decreased by changing the oxidant from O, to air; the cell using air as
the oxidant still exhibited a power density of 600 mW/cm? at 1073 K
in spite of the usage of 0.5 mm thickness of electrolyte. Although it
was reported that Ga was volatilized from LSGM in reducing atmos-
phere by Yamaji et al.,'8 no significant change in composition was
observed after operation at 1073 K for 200 h by the elemental analy-
siswith the inductively coupled plasma emission spectroscopy (ICP).
In addition, no significant decrease in power density as well as open-
circuit potential were observed over 200 h at 1073 K. Since oxygen is
aways supplied through the electrolyte, it seemsthat Gavolatilization
hardly occurred under SOFC operation condition, and it seems to
cause no serious problem for SOFC application. Consequently, the
authors believe that SOFC operating at temperature lower than
1073 K can be successfully developed by using Co- or Fe-doped
LSGM as the electrolyte of SOFC.
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