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Although hole conduction was present, it was found that doping with Ni was effective in
improving the oxide ion conductivity in LaggSrg2GaggMge .03 based perovskite oxides.
Considering the ionic transport number and the electrical conductivity, the optimized
composition for Ni doped samples was LaggSrg,GaggMgg.13Nig o703 (LSGMN). In this
composition, electrical conductivity was found to be virtually independent of the oxygen
partial pressure from 1to 102" atm. Consequently, the oxide ion conductivity was still
dominant in this optimized composition. In agreement with the improved oxide ionic
conductivity, the power density of the solid oxide fuel cell using LaGaO3 as an electrolyte
increased by doping with a small amount of Ni on the Ga site. In particular, the power
density of 224 mW/cm? at 873 K, which is the maximum power density in the cells using
LaGaO; based oxide as the electrolyte, was attained using LSGMN in spite of the use of
electrolyte plates with a thickness of 0.5 mm. Therefore, LSGMN is highly attractive for the
electrolyte material of low temperature operating SOFCs.

© 2001 Kluwer Academic Publishers

1. Introduction erator. All of the advantages of the SOFC such as high
Fuel cells are currently being developed as an environefficiency and a variety of fuel can be obtained at in-
mentally concious electric power generating technoltermediate temperatures such as 1073 K. Furthermore,
ogy with almost no emissions of air pollutants and highthe choice of the materials for stacking cells becomes
efficiency for energy conversion. Therefore, develop-greater; in particular, cheap refractory metals such as
ment of a fuel cell system is also important for the stainless steel become usable by decreasing the operat-
suppression of C@emissions. At present, the polymer ing temperature to 800 K. In addition, decreasing op-
electrolyte fuel cell (PEFC) is attracting much interest,erating temperature is also effective in improving the
since the low operating temperature makes the fabricastart up and shut down characteristics of the cell. Con-
tion of the system easier and high power densities carequently, a decrease in the operating temperature be-
also be attained. However, hydrogen in which the CGcomes highly important for the development of reliable
content is less than 10 ppm can only be used as the fueind inexpensive SOFCs [2].

On the other hand, the solid oxide fuel cell, denoted as Decreasing the operating temperature requires a fast
SOFC, is another type of interesting fuel cell from theion conducting electrolyte and an active electrode, in
power generation point of view since the energy con-articular, the cathode [1]. In our previous study, it
version efficiency is particularly high and natural gaswas found that a LaGagbased perovskite type ox-
can be directly used as the fuel [1]. At presensO¥  ide exhibits high oxide ion conductivity [3, 4], which
stabilized-ZrQ (YSZ) is commonly used as the elec- is comparable with that of Cefbased oxides. In par-
trolyte in the solid oxide fuel cell (SOFC). As the oxide ticular, LaGaQ doped with Sr for La and Mg for Ga
ion conductivity of YSZ is insufficient for the elec- exhibits high oxide ion conductivity over a wide range
trolyte of fuel cells, a thin electrolyte film without gas of oxygen partial pressures. Following our reports, the
leakage and an excessively high operating temperatutgigh oxide ion conductivity of this system has been
such as 1273 K are essential for achieving high poweeconfirmed by several researchers [4-7]. One of the ad-
densities. However, the high operating temperature ofantages of this oxide is that almost pure oxide ion
the cell causes various difficulties which have to beconductivity is exhibited in both reducing and oxidiz-
overcome in order to obtain reliability as a power gen-ing atmospheres. Itis reported that electron and/or hole
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conductionin this oxide is smaller than that of the oxide
ion by a few orders of magnitude [8]. It is, therefore,
expected that the operating temperature of the SOFC
can be decreased by using a LaGdfased oxide as
the electrolyte of the SOFC [9, 10]. High power den-
sity of the cell using a LaGafbased oxide was also
reported by several groups [11-14]. On the other hand,
doping with transition metal cations is generally ex-
pected to be undesirable for an ionic conductor, since
electronic conduction will increase. However, in our
previous study, it was found that doping with Co is ef-
fective in improving the oxide ion conductivity when
the amount of Co was less than 10 mol% on the Ga site
[15]. In accordance with the improved oxide ion con-
ductivity, the power density of the cell at intermediate
temperatures was greatly improved by doping Co for
Ga in LaGaQ. It was also found that doping with Fe Figure 1 SEM micrograph of the resultant bgSr,GasMgo.13
exhibited a positive effect on the electrical conductivity. Nioo7Os.

In the present study, therefore, doping effects of Ni for

Gain La gSry 2Ga gsMgo.20O3 on the oxide ion conduc-
tivity were studied. Furthermore, the power generatio
characteristics of the cell using Nidoped LaGéd@sed
oxide were investigated systematically.

neasurement was performed for a period longer than
1 h at each temperature and oxygen partial pressure in
order to confirm a stable conductivity. The partial pres-
sure of oxygen was controlled by mixingpNCO, or
H> with O, and the oxygen partial pressure was moni-
tored by a CaO stabilized Ze@xygen sensor that was

2. Experimental attached close to the sample. The transport number of
2.1. Preparation of LaGaO; based the oxide ion was estimated by the electromotive forces
electrolytes doped with Ni of the H-O, gas concentration cell. The oxygen partial

Calculated amounts of commercial 4@ (Wako, pressure was adjusted by adding 3 vol¥Ho H,.
99.99% purity), SrC@ and MgO (Wako, 99.9%  The commercial NiO (Wako, 99.9%) without further
purity), GaOs (Kishida, 99.99% purity), and NiO puyrification was used for the anodes. The prepared cath-
(99.5% Wako) were mixed in an D3 mortar with  ode oxide and the anode metal oxide were applied on
a pestle and then precalcined at 1273 K @h [7]  the surface of the electrolyte by painting witkbutyl

to prepare perovskite oxides of compositionoka acetic acid solvent (5 mm in diameter). After drying
Sto2Gay sMgo 2—xNixOs. The resulting powders were at room temperature, the specimens were calcined at
pulverized and isostatically pressed into a disk (20 mm1 173 K for 10 min to remove the organic solvent. Be-
in diameter and 0.6 mm thickness) at 274.6 MPa in vacfore measurement of the power generation characteris-
uum. The disks were sintered at 1773 K for 6 h. XRDtjcs, NiO was reduced to Ni metal in a hydrogen stream
measurement (Rigaku Rint 2500, Cu Kadiation)was  at 1273 K. Molten Pyrex glass was used for sealing
performed to analyze the purity of the specimens and ithe cell. Commercial oxygen and hydrogen humidified
was confirmed that the specimens consisted of the sifgith 3 vol% H,O were used for the oxidant and the
gle LaGaQ perovskite phase. SEM examination wasfyel, respectively, for the power generating measure-

performed with a Hitachi S-2400 (25 kV) to assess thements. It is also noted that the theoretical electromotive
microstructure of the obtained disk. Fig. 1 shows thefgrces were 1.10 V.

SEM micorgraph obtained. It is clear that the obtained

disk was highly dense and no significant open pores

or holes were observed. The relative density, estimated Results and discussion

using the Archimedes method, was always higher thas 1. Effect of Ni doping for Ga site of

95% of the theoretical density. It is also noted that the LaGaOs on oxide ion conductivity

primary grain size was distributed from 5 to Ln. Fig. 2 shows the XRD patterns of Ni doped

Disks were grqund_and polished with a diamonqLao_gsro,zGag,gMgong (LSGM). It is clear that the

wheel to 0.5 mm in thickness. The electrolytes at thisyiffraction patterns from all specimens prepared in

thickness were always used for the fabrication of theps siudy mainly consisted of those peaks attributable

SOFC in this study. to the LaGaQ@ perovskite phase. Although no sig-
nificant diffraction peaks from a secondary phase
were observed, a weak peak was observed around

2.2. Oxide ion conductivity and power 30 degrees on the sample #t=0.1 in LaygSry2
generation characteristics GagMgo2_xNixOs. This peak could be assigned to
measurement the LaSrGaQ@ phase. This LaSrGaOphase easily

The electrical conductivity was measured as a funcforms on LSGM preparation. In addition, the diffraction
tion of temperature and oxygen partial pressure by geaks were shifted on doping with Ni. Therefore, it is
conventional four-probe dc method in a gas flow. Eachconsidered that the doped Ni successfully substituted
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Figure 3 Estimated lattice parameter from XRD patterns as a function

of Ni content. -0.45

for the Ga site in the LaGa{Jattice. The lattice pa-
rameters estimated with Rietveld method were showi
in Fig. 3 as a function of Ni content. It is obvious that
the lattice parameters of tlae b, andc axes decreased
with increasing Ni content. Since the ionic size of six-
coordinated Ni* (60 pm) is slightly smaller than that
of Ga&®+ (62 pm). Consequently, the shrinking unit lat-
tice volume can be explained by the partial substitution
of Ga®* with Ni®t. Although the divalent Ni is more the electrical conductivity increased with increasing Ni
stable under the conditions of this study, an abnormatoncentration and it appears that it is independent of
valence number of trivalent Ni may be stable by substithe Ni concentration for compositions whexe> 0.05
tuting the trivalent cation of Ga in LaGa@erovskite in LaggSry2GaysMgo.2—xNixOs.
structure. Fig. 6 shows the electrical conductivity of LaGaO
Fig. 4 shows the Arrhenius plots of the electrical based oxide at 1173 K as a function of oxygen par-
conductivity of LagSr2GasMgo2_xNixOs. In or-  tial pressure. It is clear that the electrical conductivity
der to establish the optimum composition for the Niwas almost independent of the oxygen partial pressure
dopant concentration, the total amount of dopant orn the range fromPg, =1 to 10°%! atm when the Ni
the Ga site was fixed at 20 mol% to get the same oxyeontent was less than 10 mol% on the Ga site. There-
gen deficiency as that in the parent LSGM providedfore, oxide ion conductivity was still dominant at this
that the doped Ni would take the divalent form. It is Ni content. In contrast, the electrical conductivity of
obvious that the electrical conductivity monotonouslythe 20 mol% Ni doped sample decreased monotonously
increased with increasing Ni content. Xt=0.2, con-  with decreasing oxygen partial pressure. Consequently,
ductivity changed from a semiconductor to a metallicthe major charge carrier at this composition seems to
behavior. This is quite similar to that of the Co dopedbe the electronic hole. Therefore, in analogy with Co
sample. The electrical conductivity at 1123 K is showndoping effects, doping with an excess amount of Ni
in Fig. 5as afunction of doped Niamount. Itis clear thatonly enhances the electronic hole conduction and is

-0.50
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Figure 5 Electrical conductivity at 1123 K as a function of doped Ni
amount.
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0.4 T —— good agreement with the results in Fig. 6, it is obvious
1223K that the estimated transport number of the oxide ion
O 3'“°':A’ decreased with increasing Ni content at the same tem-
0.21 2 5'"°'f’ 1 perature. However, the transport number of the oxide
o :Om'::)f:% ion was still higher than 0.7 at all temperatures v_vhen
00F| m 20moi% 1 the N! contentwa; Iegs than 10 mo]%: Therefore, it can
be said that the oxide ion conductivity in LaGglased
o~ oxide increased by doping with a small amount of Ni
g -0.2} 4 onthe Gasite. Since the electrical conductivity was al-
% most independent of the oxygen partial pressure from
;?;0 ol :@:5:@ Ee—1%y) | Poe=1to0 102t atm, Ni doped LaGa@exhibited sta-
: ble oxide ion conductivity over a wide range of oxygen
/l { partial pressures. This Ni doping effect on the conduc-
08l m 1 tivity is quite similar to that of Co doping. Therefore,
./ Ni doped LaGa@ could be used as an electrolyte for
4 f intermediate temperature SOFCs, which is similar to
-0.8 b the Co doped one.
-20 -15 10 -5 0

Fig. 8 shows the comparison of the oxide ion con-
log(P,, fatm) ductivity in Fe, Co, or Ni doped LaGabased oxide.
Itis clear that oxide ion conductivity increased by dop-
ing with either Fe, Co or Ni. Although the optimized
amountfor each dopantwas different, the electrical con-
ductivity of the sample at the optimized composition
undesirable for the pure oxide ion conductor. HoweverWwas almost the same, as shown in Fig. 8. The differ-
it is expected that doping with Ni at less than 10 mol%€nce in the amount of optimized composition among
is effective for improving the oxide ion conductivity. Fe, Co, and Ni may be related to the ionic radius of
The transport number of the oxide ion in Ni doped €ach dopant. On the other hand, the estimated transport
LaGaQ based oxide was estimated with a-B, gas number of the oxide ion was high in Fe doped LaGaO
concentration cell. Fig. 7 shows the temperature deperased oxide (close to unity). However, appearance of
dence of the transport number of the oxide ion whichhole conduction became significant and so the ionic
was estimated by the electromotive forces in A0 transport number decreased on doplng with Ni or Co.
gas concentration cell. The transport number of the oxThis may be related to the stability of the valence num-
ide ion decreased with decreasing temperature. Sincelper of the cation. This is because®Fds more stable
is well known that the activation energy for hole con-than either C& or Ni**. In any case, LaGaghased
duction is far smaller than that of oxide ion conduction, 0Xides doped with either Ni, Co, or Fe exhibit notably
the electronic hole conduction became dominant withigh oxide ion conductivity over a widBo range.
decreasing temperature. This was also confirmed by
an increase in th&o, dependence of the conductiv-
ity with decreasing temperature. On the other hand, in

Figure 6 Electrical conductivity of LagSry2GaygMgp2—xNixO3 at
1173 K as a function of oxygen partial pressure.
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3.2. Electric power generation characteristic T
of SOFC using Ni doped LaGaOs 1073K
The power generation characteristics of Ni doped 0.3 1.0A/cm?
LaGaQ were studied in detail. In order to determine
the most suitable composition, the open circuit potentia I IR loss
and the maximum power density of the cell at 1073 Ki>
is shown in Fig. 9 against the Ni content in LaGaO g o, |
based oxide. It is clear that the maximum power den-g
sity increased with increasing Ni content and attainecg
a maximum value at 7 mol% Ni doping on the Ga site § ] b\o N
of LaGaQ. This dependence of maximum power den-& k
sity on Ni concentration is in good agreement with that 0.1 |- & T
of the electrical conductivity as shown in Fig. 3. For
the composition of LagSry 2GaygsMgo.13Nig 0703, the

. > A [ n
maximum power density was higher than 800 mW/cm g — T+
at 1073 K in spite of the use of a 0.5 mm thick elec- 0.0 P R R R S
trolyte. On the other hand, the open circuit potential 002 004 006 0.08 010 0.12
monotonously decreased with increasing Ni content . .
S . . . La Sr . Ga M Ni O
This is in good agreement with an increase in the hole X L2502 g M B0 N,

condu_ction which was SUQQeSFed by the electrical CO_nFigure 10 Internal resistance of the cells at 1073 K as a function of Ni
ductivity measurements. The improved power densitytontent. IR loss; Ohmic losgca; Cathodic overpotentiahan; Anodic
also confirmed that the oxide ion conductivity improved overpotential.
by doping Ni for the Ga site. The optimized compo-
sition for the electrolyte of the SOFC seems to exist i i
at LaysSr2GansMgo.13Nio.070s which is denoted as ate temperatures. In contrast, the anodic overpotential
LSGMN in the foIIoWing pért. was much larger than that of the cathode. This suggests
Internal resistance of the cells which was estimatedn@t the activity of pure Ni metal for the anodic reac-
by the current interrupting method is shown in Fig. 10tion is not sufficient at |ntermed|ajte temperatures. It is
as a function of Ni content. Clearly, the main internal N0ted that the anodic overpotential decreased by dop-
resistance of the present cell was the electrical residnd Ni for LaGaQ; electrolyte. At present, mechanisms
tance (IR loss) which almost corresponded to that of thd0" the decrease in anodic overpotential by doping Ni
electrolyte. In agreement with the improved oxide ionfor the electrolyte are not c!ear. However, it is antici-
conductivity, it is obvious that IR loss monotonously Pated that the hole conduction produced by doping Ni
decreased with increasing Ni content. Therefore, thdor LaGaQ based oxide may have some relationship
improved power density was a result of a decrease it0 the improvement of the anodlc.actlwty. Sl_mllqr pos-
IR loss. On the other hand, the cathodic overpotential oftiVe €ffects produced by electronic conduction in elec-
the present cell was quite small, since S8 sCo0; trolytes on the electrode reaction were also reported on

is highly active for the cathodic reaction at intermedi- the cell using Ce@based oxide. In any case, itis obvi-
ous that the improved power density of the cell by using

Nidoped LaGa@based oxide for the electrolyte can be

assigned to the decrease in IR loss. Consequently, it is
H,+3vol%H,0, Ni| LaSr, ,Ga, Mg, , Ni,O,, |Sm Sr, Co0,, 0,  considered that the power density will further increase
by decreasing the thickness of the electrolyte. On the
other hand, hole conduction was significant as an ex-
1.1) ocv cess amount of Ni was doped on the Ga site and the
cell was internally short-circuited. Therefore, although
the IR loss monotonously decreased with increasing Ni
content, the maximum power density decreased when
the amount of Ni was in excess.

Fig. 11 shows the temperature dependence of the
maximum power density of the cell using LSGMN for
the electrolyte. For the present cell, pure Ni is used as
the anode. It is well known that Ni easily aggregates at
a high current density and the power density decreases
with the passage of time. Therefore, the power genera-
tion characteristic at temperatures higher than 1173 K
was not measured in this study. It is obvious that the
YT RTRY AR TEN 1015 LSGMN qell exhibited a notably Iarge'power density

) R ) R ' and the high power density was sustained at low tem-

X in Lay,Sry,Ga, Mg, , {NixO,3 perature. Although the thickness of the electrolyte used

Figure 9 Open circuit potential (OCV) and the maximum power den- was as IOW,aS 0.5 mm, the maximum power den_SIty of
sity (MPD) of the cell at 1073 K, which used Ni doped LaGass an  the cell attained avalue of 224 mW/éat 873 K, which

electrolyte. was the largest power density attained in our previous

L
=
0

091 MPD >

Open circuit potential /V
<
Q
Maximum power density /Wem?

0.5
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H,+3vol%H,0, Ni| La, Sr, Ga, Mg Ni O, |Sm, Sr, Co0, 0, Inagreement with this result, the open circuit potential
" 10 of the cells decreased in the following order of the elec-
trolyte, non-doped- Fe>> Ni > Co doped LaGa@as
11} -~ shown in Fig. 10. However, power density shows al-
1°8 most the opposite order and itincreased in the following
order, Ni> Co>> Fe> non-doped sample. It has been
already reported that the maximum power density of
the cell using Fe doped LaGg@lectrolyte exhibited
a large power density at high temperature (0.7 W/cm
at 1073 K), however, it decreased drastically with de-
creasing temperature [16]. This may result from the
large activation energy for the oxide ion conduction in
Fe doped LaGa® On the other hand, the Ni doped
sample exhibited a similar performance to that of Co
doped oxide, not only in the electrical conductivity but
05 . . 00 also in the electrical power generating characteristics
800 900 1000 1100 when applied to the SOFC. Comparing with the inter-
Temperature /K nal resistance, the higher power density of the cell using
Figure 11 Temperature dependence of the maximum power density ofdcg' or Ni doped LaGa@.eleCtrOIyte rather than the I.:e
the cell using LSGMN for the electrolyte. ped one may be a_SS|gned to a small o_verpotentlal of
the electrode, in particular the anode. This may suggest
that a charge transfer step is the rate-determining step
study on the cell using LaGa®ased oxide as an elec- f_or the electrode reaction and a Ii_ttIe electronic conduc-
trolyte. The maximum power density of the cell with fion in the .elegtrolyte could assist the charge transfer
Y ,05-stabilized ZrQ electrolyte is 0.3 and 0.07 W/&m step resulting in a decreas_e in electrode overpotential.
at 1293 and 1073 K, respectively, when ® used as Consequently, over_poter]tlal of the electrode was re-
oxidant. Considering the power density of the YSZ cellduced in the cell using Ni or Co doped LaGalased
and the thickness of the electrolyte, the power densitpXide electrolyte. Considering the power density and
characteristics of the SOFC in Fig. 9 were extremelyth€ open circuit potential, LSGMN seems to be more
high. Since the ionic conductivity of YSZ at 1273 K is desirable as an electrolyte for intermediate temperature
almost the same as that of LSGMN at 923 K, it is ex-SOFCs.
pected that equivalent performance would potentially
be achieved at considerably lower temperatures. Thigg. Conclusions
in our view, will be the most significant achievement in Although hole conduction was observed at oxygen par-
this field. tial pressures higher than 19atm, oxide ion conduc-
Fig. 12 shows the comparison of power generatiortivity increased by doping Ni for the Ga site of LaGaO
characteristics of the cell utilizing the LaGa®ased  In accordance with the improved oxide ion conductiv-
oxide doped with Fe, Co, or Ni. The transport numberity, the power density of the cell also increased greatly
of the oxide ion in non-doped and Fe doped La@aO py doping Ni for LaGaQ@ electrolyte. The highest
is almost unity, however, that of Co or Ni doped speci-power density in our previous study was attained with a
mens is slightly lower than 1 due to the hole conductioncell using a La.gSrp2GaygMdo.13Nig 0703 electrolyte.
Since the valence number of Ni in the crystal lattice
seemstobe-2 or+3, itis anticipated that the number of
H,#3vol%H,O, Ni| La, Sr,.Ga, Mg, , MO, (M=Fe, Co, Ni>,|SmOSSr0_5cOo], 0,  oxygen vacancies was almost unchanged or decreased
(0:3mm in thikness) by doping with Ni. Consequently, the increased oxide

T

1086
09

104

Open circuit potential /V

10.2

Maximum power density /Wem™?

14 : : : : : 04 ion conductivity may be assigned to improved mobility
[ Lag 6510288 6M8o.115C00.08503 of the oxide ions. This is because the ionic size of six-
12 O L8y 5575,,Ga sMgo 17F80 0505 coordinated Ni* is almost the same as that of ¥a

A Lag g1 ,Gag gMdq 13Nin 0703 | 03
O LaggSrg 1Gag Mg 203

Any way, this study revealed that Ni doped LaGaO
based oxide was an attractive fast oxide ion conductor
for the intermediate temperature solid oxide fuel cell.
Since the notably high power density was exhibited at
873 K in spite of the use of 0.5 mm thick electrolyte, it

is expected that the power density will further increase
by decreasing the thickness of the electrolyte. This en-
ables the operation of SOFCs at temperatures as low as
873 K, which may open a new application of the cell.

i

-0.2

Terminal voltage /V
Maximum power density /Wem?

& 0.0
0 0.2 0.4 06 08 1.0 12

Current density /Acm?
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