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Realization of a solid oxide fuel cell (SOFC) operating at 700°C on a hydrocarbon fuel or
gaseous H; is an outstanding technical target. For the past 25 years, efforts to achieve this
goal have been based on yttria-stabilized zirconia as the electrolyte, a NiO + electrolyte
composite as the anode, a porous LaggsSrg15MnO3 (LSM) metallic perovskite as the
cathode, and a La1_,Sr,CrO3 ceramic as the interconnect material. This paper reviews
progress in our laboratory on an alternate approach that would use a Sr- and Mg- doped
LaGaO; perovskite as the electrolyte, a Sm-doped ceria (SDC) as the anode or as a buffer
layer with a NiO + SDC composite as the anode, a mixed oxide-ion/electronic conductor
(MIEC) as the cathode, and a stainless steel as the metallic interconnect.
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1. Introduction oxidation of the fuel at the anode surface or reduction
Ceramic membranes for the conversion of fossil fuelof O, to 20°~ at the cathode surface is required to
to electric power or to higher-value products as welloptimize the morphology of the electrodes. Once this
as those for gas separation, gas sensing, and remowdgtermination is made, it is a natural step to inquire
of noxious pollutants such as NOSQ,, H,S and un- how MIEC oxygen-permeation membranes might be
burned hydrocarbons all rely on oxide-ion conductorsfabricated for use in other applications.
either electrolytes or mixed oxide-ion/electronic con-
ductors (MIECs). This paper focuses on one princi-
pal target: A solid oxide fuel cell (SOFC) operating at 2. Experimental procedures
700 C with either H or hydrocarbon fuels. 2.1. Sample preparation
The U. S. Department of Energy has made a massivéhe electrolyte composition k@St 2GagsMgo.17
commitment over the past 25 years to the developmerD, g15 (LSGM) was chosen as our previous study [4]
of a SOFC based on yttria-stabilized zirconia (YSZ) ashas shown it to be optimal. It was made from solid-
the solid electrolyte. Thin-film YSZ-based SOFCs havestate reaction as described in detail in [4]. Sintered
achieved high power density at 8@ but the power pellets more than 99% dense were obtained after a
density decreases quickly with decreasing temperaturdinal sintering at 1470C for 24 hours. The pellets
The high La g5Sr1sMnO3 (LSM) cathode overpoten- were subsequently ground down to a thickness of
tial at low temperature is the primary reason for theabout 500um for our fuel-cell tests. LSGM sam-
power loss. To obtain a SOFC operating at or belowples doped with Ni or Co in place of some of
700°C, there is a clear need to begin with a differentthe Mg were fabricated in a similar way; samples
oxide-ion electrolyte that is compatible with catalyt- with formulae LagSr2Gag3sMgo.1Nig0703-s and
ically active electrode materials at low temperaturesLag gSty2Gap ssMgo1Cp0703-s are designated LS-
We begin with the La_xSkGa,_yMgyOs_o5x+y) Per- ~ GMN and LSGMC, respectively. Higher doping led to
ovskite as the solid electrolyte since it possesses thie presence of impurities.
same structure as good cathode materials. This per- Both the cathode and the anode materials were syn-
ovskite system was first identified as a good oxide-iorthesized by a wet-chemical route. The Pechini process,
electrolyte by Ishiharat al.[1] and verified ina parallel based on a carboxylate group such as citric acid as the
study [2], but the initial compositions were two-phase.chelating agent, was selected for the synthesis of precur-
Optimization of a single-phase composition was sub-sors of all electrode powders except Sggoey 203_s
sequently accomplished by Huang and Petric [3] andSCF). The exact composition of each electrode and
by ourselves [4]. their synthesis condition are summarized in Table I.
A mixed oxide-ion/electronic conductor (MIEC) is Single-phase SCF proved difficult to make by a nor-
recognized to offer the best solution for the cathodemal Pechini process. The hexagonal Srgdl@at con-
of a SOFC; it may also prove to be the best solutiontains no oxygen vacancies was always preferentially
for the anode. Determination of the relative rates offormed in addition to the desired perovskite phase. We
oxide-ion transport across an electrode and catalytiattributed this behavior to an uneven distribution &fSr
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TABLE | Electrode preparation conditions

Synthesis Decomposition Sintering
Compositions Symbol method temperature temperature Phases
Lag gSrp.4Co05_s LSCo Pechini 750C 1250C Rhombohedral
Lap gSr0.2C0op gNig203_s LSCN Pechini 750C 1300C Rhombohedral
Lag.7Sr.3FengNig203_s LSFN Pechini 750C 1400C Rhombohedral
SrCqgFey203_5 SCF EDTA 750C 1000C Primitive Cubic
Lag.g5Sr.15Mn0O3 LSM Pechini 750C 1400C Orthorhombic
CegSmp 2019 SDC Pechni 750C 1450C Fluorite Cubic
CeygSnp 2019 + NiO SDC+ NiO Pechini 750C 1400C Two cubic phases

in the solution as a result of only partial coordination ofa HP 4192A LF impedance analyzer in a range of fre-
some of the S+ ions by the relatively weak chelation quency from 5 Hz to 13 MHz with an amplitude of
of the carboxylate ligands of citric acids. Therefore,10 mV. The bulk and overall conductivities of the elec-
we choose ethylenediaminetetraacetic acid (EDTA) asrolyte were extracted from the intersections with the
the chelating agent since all cations of SCF coordinateeal axis of related bulk and grain-boundary semicir-
strongly with EDTA according to their larger formation cles in the impedance spectra. The individual electrode
constants for chelation. The use of EDTA suppressedesistances were calculated from the real part of the
the segregation of 3 in the Pechni process, and well- impedance at the lowest frequency 5 Hz to the first in-
crystallized, single-phase cubic SCF powders were obtersections with the real axis. The lead resistance was
tained at temperatures as low as 1000 subtracted out from all data by measuring the resistance
The structures of the electrolyte and electrode pow-of a blank cell.
ders were examined at room temperature by powder
x-ray diffraction with a Philips PW1729 diffractome- 5 5 Single fuel-cell tests

ter operating with Cu K radiation and Ni filter. To 14 5y6id a possible reaction of Ni in the anode with
obtain accurate lattice parameters, synthesized Slllt-he LSGM electrolyte, we used §5my 201 9 (SDC)
con powd_er was used as an internal standard and Rlg 5 thin buffer layer between LSGM and a composite
etveld refinement was used to process the raw X-TA% K C 4+ NiO anode: the NiO is reduced in the anode at-
data. mosphere to form a porous SDC anode with elemental
nickel particles on the inside of the pores. The anode
2.2. Impedance spectroscopy and the SDC buffer layer were fabricated on one side of
Pt was used to evaluate the electrolyte conductivity bya 500um-thick electrolyte disk~18 mm in diameter
two-probe ac-impedance measurement. Pt paste frolmy screen-printing a slurry of the anode ink and baking
Heraeus was coated on both ends of the electrolyte pekt 1300C in air for a half-hour. A Pt mesh with a Ptlead
lets, which were baked for a half-hour at 900 To  was used as the current collector. The cathode ink was
study the MIEC cathode resistances with LSGM as théhen screen-printed on the opposite surface with a Pt
electrolyte, we used a similar procedure. Each cathodeurrent collector placed on it; the assembly was baked
powder was first well-mixed with an organic binder in air at 1150C for 2 hours. The effective electrode
from Heraeus to form an ink that was pasted on twoarea was 0.24 cfn Reference electrodes of the same
ends of an LSGM pellet; the pellet was then fired typi- materials as the working electrodes were used to mon-
cally at 1150C for a half-hour. All measurements were itor the overpotentials of the cathode and anode in the
made on cooling from 80@ down to 320C in airwith  cell configuration of Fig. 1. As described in an earlier

air v
Pt mesh

cathode: LSCo current collector

anode: LSGM+Ni
or CeOo+Ni

fuel ‘

Figure 1 Single solid oxide fuel cell configuration.
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study [5, 6], we measured the voltage output of the cell 125+

as well as the electrode overpotentials versus curren airvs Hor %0

density with H as the fuel and air as the oxidant. The 1.00 LSGM 4—
cells were glass-sealed into 83 tubesin situ with a
special glass developed in our laboratory. 0.95 -

The test cells were placed in the hot zone of a verti- ¢
cal furnace. Air was supplied directly to the cathode .04
surface; water-moistened (at30°C) hydrogen was LSGMN
fed to the anode surface at a rate of 40—60 ml/min. g |
All of the tests were performed with an EG&G
Potentiostat/Galvanostat Model 273 running on a . | LSGMC
homemade LabView program; they are carried out in 800 850 900 050 1000 1050 1100
the temperature range 6@< T < 800°C with an in- T.K
terval of SGC_' With the four-electrode configuration Figure 3 Oxide-ion transport numbers of LSGM, LSGMN and LSGMC
of Fig. 1, typical V-1 measurements were taken at aas a function of temperature.
fixed temperature from open-circuit voltage (OCV) to
0.4V and back to OCV in steps of 20 mV and holding

10 seconds at each point. side:to = (OCV)meas/ (OCV)neory. It is noticed that the
OCYV increases with decreasing temperature provided
that the electronic conduction in the electrolyte is neg-

3. Results and discussion ligible as in the case of LSGM. On the other hand, if the

3.1. The electrolyte electronic conduction becomes appreciable as shown in

Fig. 2, shows the oxide-ion conductivity of the LSGM the case of LSGMN and LSGMC, the cell OCV would

iSop &~ 0.15 S/cm at 800C, which is equivalentto YSZ  decrease with decreasing temperature.

at 1000C; the break in Iy, T vs. /T atT* ~ 590°C The data of Fig. 3 imply that interdiffusion of Ni or

signals the nucleation of clusters of ordered oxide-ionco (and probably Fe also) across an LSGM/cathode

vacancies and a progressive condensation of the mobilaterface does not produce blocking phases at the inter-
vacancies into these clusters with decreasing temperggce that are harmful to oxide-ion conduction across it.
ture [4]. Fig. 2 also shows that partial substitution ofwe [7] have monitored an interdiffusion of Co and Ga

Ni or Co for Mg in LSGM increases the total low- across an LSGM/L@XSI'XCOQ),,(; interface and found

temperature conductivity; it appears to suppress thénat the interdiffusion improves the contact so as to en-

formation of clusters of ordered oxide-ion VacanCieS,hance é— ion diffusion across the interface; itdoes not
but it also introduces an electronic component at lowgegrade performance. Therefore, we are confident that
temperatures. The Mg ions have a greater tetragonal- we can use an MIEC cathode containing Fe, Co, and/or
site stability and therefore a stronger attraction for theNi in conjunction with the LSGM electrolyte without
vacancies they introduce. Although Niand Co substituforming blocking phases at the interface.

tions introduce some electronic conductivity, the oxide-  On the anode side, we have demonstrated that LSGM

ion transport numbet, = o, /0 is not significantly re-  does not react with SDC at moderate temperature. The

duced at 700C by substitution of 7 mol% Ni on Ga SpPC becomes an MIEC in the reducing atmosphere at
sites as can be seen by the LSGMN curve of Fig. 3he anode. An LSGM-based single cell with a Ni-free

compared to Co-doping; the Co(ll) ion is more easily SDC anode is under investigation in our laboratory.
oxidized than Ni(ll). These values &f were obtained

by comparing the open-circuit voltage (OCV) across
the electrolyte with the theoretical value for a given
3.2. The electrodes

difference in the partial pressure of oxygen on e'therln order to avoid restriction of the catalytic reactionto a

three-phase line interface, it would be advantageous to
have as an electrode an MIEC that is intrinsically active
LSO, E077 0V in the catalytic_ deep oxidation of the fuel at the anode
LSGMC, E,=0.67 oV, E, (T<400°C}=0.45 &V and the reduction of gaseous © 20>~ at the cathode.
4 LSGM, E,=0.81 eV, E, (T<600°C)=1.04 eV . . . . ..
Minimization of the electrode overpotentials is critical,

N particularly for reduced-temperature applications.
s The SOFC anoddn our preliminary studies [5, 6],
we used as our anode N#©SDC composite on top of
‘il a thin SDC buffer layer. The maximum power density
°o 4 aLsamc has been increased more than 100 m\W/compared

O LsaMN to a cell without an SDC buffer layer. We believe the
SDC layer prevents a possible reaction between NiO
and LSGM and enhances the catalytic reaction at the
-4 anode surface. Recently, Patial.[8] have pointed out
16 18 that SDC can also deeply oxidize hydrocarbons tg CO

and HO whereas carborization occurs at a nickel cat-

Figure 2 Conductivity comparison of LSGM, LSGMN and LSGMC.  alyst. They made a composite SDC and Cu to improve
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Figure 4 Dependence on current density of the open-circuit voltage at

various temperatures. Figure 5 Cathode overpotentials of different cathode materials as a func-

tion of current density at 80C.

the electronic conductivity of the anode; but“Cds  TEC remains higher than that of LSGM even with di-
partially reduced to C& to make SDC an MIEC in lution of the cobalt content. The LSFN perovskite has
the reducing atmosphere at the anode. Optimization cd TEC well matched to that of LSGM. Its performance
the morphology of an SDC or SDECu anode would as a cathode proved better than that of LSM, but it
balance the rate of fuel oxidation and current collectionis still not satisfactory in our preliminary tests. From
at the surface with the rate ofOion transport across ac impedance spectroscopy, Fig. 6, the electrode resis-
an SDC film. tances are seento increase in the order SCBECN <
With an H, flow rate of 40 to 60 ml/min, the OCV LSCo< LSFN< LSM. We have determined with per-
versus current density | of Fig. 4 was obtained by mon-meation studies [10] that the catalytic activity for the
itoring the voltage across the two reference electrodeseduction of Q to 20>~ is responsible for the relative
of Fig. 1 while current was flowing across the work- magnitudes of the electrode resistances.
ing electrodes. The fuel utilization was estimated to be In these studies, we have chosen perovskites that re-
high at all flow rates. The decrease in the OCV withmain metallic in the oxidizing atmosphere at the cath-
increasing current density is believed to be due to th@de. In order to retain a mixed oxide-ion/electronic con-
generation of water in the pores of the anode. If the waductivity in an Q atmosphere, we use the M(IV)/M(111)
ter is not removed rapidly enough, the cell OCV will redox couples of M=Fe, Co, or Ni as these cou-
be decreased as a result of an increased effective partiples are all pinned at the top of the O-2p band; the
pressure of oxygen at the anode. This problem wouldiegree of M-O covalent mixing in the antibonding
be eliminated if a dense Ni-free SDC anode were used* conduction band increases on going from Fe to
instead of a porous composite. Co to Ni, but the redox couples all overlap in en-
The SOFC cathodeConventional practice with a ergy. This situation allows use of two different Fe,
YSZ electrolyte has been to use LSM as the cathod€o, or Ni cations without destroying the good elec-
because it remains a metallic conductor in anha®  tronic conductivity; in an @ atmosphere, the Fermi
mosphere. However, LSM is not an oxide-ion conduc-
tor in an Q atmosphere, so it must be fabricated as

a porous structure through whichp ©@an penetrate to 1 600°C, air, LSGM electrolyte

the electrolyte. This approach has encountered two dif- ] 0 LSO, L =6.70mm, d=5.35mm
ficulties: (1) maintenance of the porous morphology ] A LSM,L =672, d=5.34

over a prolonged period at the operating temperature ~ -150 o LN

of the SOFC and (2) chemical reaction between YSZ
and LSM at fabrication temperatures to form the py- ]

order of catalytic activity
SCF>LSCN>LSCo>LSFN>LSM

rochlore LaZr,O; and the perovskite SrZeDneither o S

of which conduct either electrons or oxide ions. We & 1

have used the MIEC LiaxSrkCoOs_s in our prelimi- 1s 30 A
nary test cells [5], but this material has a larger thermal 1& 2 Q\A
expansion coefficient (TEC) than LSGM as aresult of .50 ™7 A

a low-spin to intermediate-spin transition that occurs 1 0 a

at Co(lll) ions [9]. Therefore, we have investigated the ] "eReT® & g
cathode overpotentialg (1) for several other cathode . N ﬁ
materials on an LSGM electrolyte as a function of cur- o

rent density |, Fig. 5, with the test-cell configuration of 0 50 Z1x02) 150 200

Fig. 1. The perovskite LSM is clearly the poorest cath-
ode material, The cobalt-containing perovskites SCFrigure 6 Impedance spectra of LSGM electrolyte with various electrode
LSCN and LSCo give the best performances, but thenaterials at 600C.
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energyes lies in thes* band of the M(IV)/M(II) cou- 125
ples. However, the Fe(IV)/Fe(lll) couple is a high-spin | ooy
t30*1/t3¢? configuration in which localized e electrons

tend to occupy Fe(lll) ions whereas the Ni(IV)/Ni(lll) o.s-\‘\,_*___
couple is alow-spirft*0 /tc* configuration in which collvoltage
the electrons of e-orbital parentage remain itinerant.
At low temperatures, the Co(IV)/Co(lll) couple is a >, |
low-spin £o*0/t%5*C configuration; but it becomes an anode
intermediate-spirtt-*? /t°¢*! configuration at the op- 0-2-/————-—"“—‘_‘“__::hode
erating temperature of a SOFC. It is the transition o e o

from low-spin to intermediate-spin configuration at the °'°'(-, S A y
Co(lll) ions that introduces a higher TEC for the Co-

containing perovskites. Figure 8 The cathode (2) and anade (b) ential function of
. _ igure e cathode (a) and anode (b) overpotentials as a function o
The reduction of @to 2C° may occur at an elec- current density at various temperatures. The cell is the same as shown in

trode surface by the surface reactions: Fig. 7.

0.6 -

voltage, V

1 ] T T
80 100 120 140 160
time, hours

M(IlT)- O-M(lll) 4+ Oz = M(IV)-(02)?>~-M(IV)

followed by migration of the extra oxygen to another 054 . Cathode Overpotential
M cation: 600 C
= 0.4 650C
M(IV)-(0 2)2~-M(IV) + M(III)- TI-M(l11) g 700°C .
- 750C
= 2M(IV)-0%~-M(IV) S 03-
3 800C
whered represents an oxygen vacancy. The relative@ 4,
stability of the Fe(lll) ion in lower than six oxygen g
coordination may inhibit these reactions at Fe(lll) ions. 5
0.1—
. (a)
3.3. Single-cell performance 0.0~

; T T T T T T T T T
Fig. 7 shows the performance from 600 to 800f a 0 200 400 600 800 1000 1200 1400 1600

test cell with a 550+m thick electrolyte. At 800C, itis Current density, mA/cm?
within a factor of two of the best performance obtained

with a 10um-thick YSZ electrolyte and it still main-

tains a peak power density of 100 mW/&at 600C. 0.6
Thelong-term performance is shownin Fig. 8 over a pe- 600°C Anode overpatential
riod of 145 hours; the cathode showed no deterioratior s 95 650C
and the anode showed an initial degradation. The dete €
rioration of the anode is possibly attributed to a coars-== 94—

7006

. . ; <
ening of the Ni catalyst at the operating temperature =
$ 03—
el 0
9 800C
1.24 5 0.2
é
1.0 0.1
(b)
0.0
§°-3' T T T T T T T T
> 0 200 400 600 800 1000 1200,1400 1600
g o . Current density, mA/cm
g
8
'§ Figure 9 Long-term performance of a single LSGM-based solid oxide
=04 fuel cell. The cell is the same as shown in Fig. 7.
o
0.2
It now appears that this problem could be alleviated
0.0 by using a Ni-free anode such as SDC in our future
0 200 40 &0 80 1000, 1200 1400 tests. Fig. 9 shows the anode and cathode overpotentials
Current density, mA/cm of the cell against the current density at various tem-

Figure 7 V-1 and P-1 curves of a single LSGM-based solid ox- peratures. It is C'.ef"‘r that the electrode kinetics would
ide fuel cell at various temperatures. The cell consisted of: air,bealrate'determmmg factor at_|9wer temperatures. Ar-
SCF/LSGM/SDC/SDGH Ni, Hy + 3%H,0: the LSGM thickness was ~ rhenius plots of the area-specific resistances ASRs for
550 um. the two electrodes and the total ASR as obtained from
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0.6 oxide-ion transport across the electrode. Even with-
0| Ot aif, SCFILSGM/SDC/SDC4Ni, Hyt3%H,0 out this optimization, a maximum power density of
E.=0.80 oV 700 mW/cnt with a 550um-thick LSGM electrolyte
. 02+ has been achieved in a single cell at 8D0with air
£ 00 as the oxidant and H+ 3%H,O as the fuel. This is
2—_02_ the highest performance that has been reported for an
2 LSGM-based cell. The performance data for a single
04 ol cell and for a four-cell stack indicate that a SOFC based
06 on an LSGM electrolyte can operate below 70@nd
anode would be competitive with a SOFC based on a YSZ
08 cafode . . . electrolyte.

0.9 1.2

10 1 11
1000/T, K’

Figure 10 Arrhenius plot of electrode and overall ASRs of the same cell Acknowledgements
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