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Abstract

Chemical stability of LaoSip.1Ga gMgo .03 (LSGM) as an electrolyte for solid oxide fuel cells (SOFCs) was investigated. At low oxygen-
partial pressure (0.003 atm), the LSGM electrolyte partly decomposed due to the development of high overpotentials, and thus the induced
reduction atmosphere near cathode. The morphology of LSGM grain near cathode changed due to the formation of new phases. The main
decomposition phases were &, La(OH) and LaSrGa@ The polarization conductance increased due to the microstructural change in
LSM and thus the increase in the specific area of the LSM electrode.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction LSGM in reducing atmosphere. They showed that the migra-
tion of Siand Al from Pyrex sealant and Pt from electrode into
The solid oxide fuel cells are under development for the surface of LSGM electrolyte is responsible for a deple-
the generation of electricity with little environmental pol- tion of Ga from LSGM electrolyt€.The reaction of GgO3
lution. Since lowering the operating temperature has many with Hz in very low Po, resulted in the formation of G&®
advantages, such as the broad choice of cheap interconneand HO (vaporization of Ga§.Doping of lanthanum gallate
materials and the long-term stability of cell components, with Sr and the presence of Pt enhanced the depletion of Ga
much effort have been concentrated on finding an electrolyte from the electrolyte in the reducing atmosphére.
material with higher ionic conductivity than yttria stabilized Examination ofPo, dependence of overpotential is one
zirconia (YSZ) that is commercially used as an electrolyte method to determine the reduction mechanism of LSGM.
for SOFCs!3 As Po, decreases, the cathodic overpotential increases with
An electrolyte for SOFCs is required not only to have high applied current. High cathodic overpotential tends to reduce
oxygen-ion conductivity but also to have a high stability un- the electrolyte. However, the effect of high potential on the
der severe operating conditions, such as high temperature andathode and electrolyte due to the applied current is not yet
large oxygen-partial pressurgd,) gradients for alongtime.  clear for LSGM electrolyte-based fuel cells. In this study,
Previous studiés’ showed the degradation of LSGM elec- the change in cathode performance and electrolyte properties
trolyte during sintering at high temperature or operating in under high overpotential condition was examined.
reducing atmosphere. LSGM easily decomposes, especially
when sintered at temperature greater than 26)@ue to the
tendency of gallium(lIl) oxide reduction to gallium(l) oxide.

n ) . - 2. Experimental
Yamaji and co-workefs’ examined the chemical stability of P

Stoichiometric amount of L#3 (99.99%, Strem Chem-

* Corresponding author. Tel.: +82 562 279 2146; fax: +82 562 279 2399. icals, USA), SrCQ@ (99.9%, High Purity Chemicals, Japan),
E-mail addressgmchoi@postech.ac.kr (G.M. Choi). and MnpO3 (99.9%, High Purity Chemicals) powders were
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mixed to prepare LSM (L&gSrp.1MnO3) electrode, and 2000

LapO3, SrCQ;, Ga03 (99.9%, High Purity Chemicals) and 1800_’ At 800 °C Po,
MgO (99.9%, High Purity Chemicals) powders for LSGM ]

electrolyte. The powder mixtures were ball-milled with zir- 1600 0.003 atm

conia balls in distilled water for 12 h, and calcined at 1200
for 6 h. The calcined LSGM powder was formed into disc-
shape by die pressing, followed by cold isostatic pressing at
200 MPa and sintering at 150Q for 6 h in air with the heat-
ing/cooling rate of 3C/min. Sintered LSGM pellet¢97%
relative density) was sliced into thin disks ©500.m.

The calcined LSM powders were screen-printed on LSGM
electrolyte and heat treated or sintered at 13D@ air for
2 h. Three-electrode configuration cells were fabricated; the
working electrode is a cathode under investigation and the
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counter and the reference electrodes are platinum at the op- 200+ _Vatm(after)
posite side of the working electrode. The cell was heated for 0 | /A/f/f -
1h at 1000C after Pt pasting (Engelhard No. 6926, USA). 0 20 40 60 80 100
Pt mesh (Aldrich 52 mesh, USA), as a current collector, was Current density (mA/cm?)

bonded at 1000C for 1 h to the three electrodes.

The ohmic- and the over-potential values were measuredFig. 1. The cathodic overpotential of Pt/LSM/LSGM/Pt cell measured at
by using a current interruption device (Doosung Induction, 800°C as a function of current density iR, =1 and 0.003atm. It was
DSI-10, Korea), a current source (Solartron, Sl 1287, UK) measured in &0, of 1 atm (before), 0.003 atm and again 1 atm (after).
and digitizing oscilloscope (Tektronix, TDS 3032, USA).
The electrochemical measurement was performed betwee
800 and 900C in Po, between 1 and 0.003 atm. The ca-
thodic overpotential changed with time and reached its steady
state value within 10 min at higtPo,, and within 1h at
Po, =0.003 atm. Microstructure was observed by a field-
emission scanning electron microscope (JEOL, model 6330F,
Japan). whereR, T, Py, and Pg, are the gas constant, the absolute

temperature, the referend®,,, and the equilibrated’o,.

Since the referenc®o, was 0.003 atm and the emf value
3. Results and discussion was 1.85V, theP(, may be as low as 3.66 10~ 3°atm at

800°C. Such a highly reducingo, enhances the formation

The cathodic overpotential of LSM electrode as a of oxygen vacancies in LSM electrode.
function of current density is shown Fig. 1. The cathodic The effect of reduction potential on the cathode perfor-
overpotential at 1atm ofPo, (Latm (before)) increased mance was examine&ig. 2 shows the temperature depen-
slowly as the current density increased. The curves obtaineddence of polarization conductanc€pj at 40 mA/cn? of
at Po, greater than 0.015atm showed the similar trend as currentdensity. The polarization conductance was defined as:
the 1-atm curve. However, #lo, =0.003 atm, the cathodic 1 ne
overpotential increased sharply with current density. Suchan— = Rp = — (2)

. : i Gp J

increase is often due to a diffusion limiting process. Oxygen

cannot be supplied fast enough from cathode to electrolytewhereR, is the polarization resistancge is the cathodic
with increasing current density. The cathodic overpotential overpotential and is the current density.

value at 100 mA/crh of current density was~1.85V. The polarization conductance at 1 atm increased after the
Hereafter, we refer the measurementunder 1.85V at800 low Po, measurement at 0.003 atm. The activation energy
Po, =0.003 atm as the lowo, measurement. The cathodic  (Ea) of Gp of LSM electrode at 1 atm is similar before and af-
overpotential value was measured again at 1 atm after the lowter the lowPo, measurement (0.730.75 eV). The reported
Po, measurement and it (1 atm (after)) was smaller than the activation energy values @, are known to be varying de-
initial value (1 atm (before)). The decrease in overpotential pending on the combination of electrode and electrolyte. For
after the lowPo, measurement needs explanation. Garbage YSZ electrolyte, La 7Srp.3MnO3 and L& 7Srp.3C0o0; elec-

et al® reported that oxygen vacancies were created in the trodesE, has a value of 1.87 and 2.28 &vespectively, and
LSM electrode at high polarization, and the cathodic reaction 1.49 e\A? for Lag ¢St ,MnOs—YSZ composite electrodes.
was progressively delocalized over the whole surface of the For Lay gSrp.4Co0; and L& 9Sry.1G&y 5Nig 503 electrodes
electrode. During the lowo, measurement, the sample was on LSGM electrolyteE, has a value of 0.96 and 1.816 &v.
maintained under high overpotential-1.85V) and thus Finally, for Lay Sry.4C0p.98Ni.0203, Lag.6Srp.4Co0; and Pt

oxygen vacancies may have been created in LSM electrode.
he Po, equilibrated with external electromotive force (emf)
follows the Nernst equation:

T P//
In-22 (1)

emf= ———
4F P(/j,2
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Fig. 2. Temperature dependence of polarization conductance of LSM cath- Fig. 4. Temperature dependence of the conductivity of LSGM electrolyte

ode measured at 40 mA/@before and after the lowo, (0.003 atm) mea- measured in oxygen atmosphere before and after th@guneasurement.
surement. 2 Pt/LSM, Pt in the figure indicate Pt/LSM/LSGM/Pt cell and Pt/LSGM/Pt

cell, respectively. The evolution of the conductivity of LSGM electrolyte in
0.21 atm is given for comparison.

electrodes on (Cefy.o(CaO) 1 electrolyte E; was 0.5, 0.63

and 1.13 eV, respectively. Generally, the electrodes having cancies and thus the increase in the specific area of the elec-

the charge transfer reaction as the rate-determining step oftrode could be the reasons for the increase in the polarization

oxygen reduction have high activation energieSgfThe ob- conductance.

servation of no change i, after the lowPo, measurement In order to see the effect of the loRp, measurement on

tells us that no electrode composition or oxygen-reduction the electrolyte, the conductivity of the electrolyte was exam-

mechanism has been changed. ined.Fig. 4shows the temperature dependence of the ohmic
The microstructures of the LSM electrode (a) before and conductivity gonm). The ohmic conductivity is defined as:

(b) after the lowPo, measurement are shownHig. 3. Af- 1 /

ter the lowPo, measurement, more porous morphology was oohm = X — )

shown. The change in electrode morphology was irreversible

and the porous morphology after the I, measurement  whereRonhm is the ohmic resistance of cell determined from

did not convert to its original morphology in oxygen. Since current-interruption measuremenis the electrolyte thick-

the activation energy dBp did not change before and after ness, andis the electrode are&ig. 4also includes conduc-

the low Po, measurement, the change@g was due to the  tivity measurements by using four-probe dc method on the

microstructural change rather than the compositional changeLSGM electrolyte aloné3 Both open and closed square sym-

of electrode as discussed above. The creation of oxygen va-bols represent the conductivity of LSGM measured from the

Fig. 3. SEM pictures of LSM electrode (a) before and (b) after thegy(0.003 atm) measurement.
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current-interruption method that deconvolutes ohmic-voltage a decomposition front ifrig. 5b. The decomposition front
drop from non-ohmic overpotential. Both the values and the moves away from the LSM/LSGM interface to the counter
activation energy of the conductivity were smaller than those electrode (Pt) with time during the loRy, measurement. We
of bulk LSGM. The smaller value of ohmic conductivity of also characterized cells using either 0.4LSM-0.6LSGM com-
the cell may partly be due to the reaction layer formed be- posite (Pt/0.4LSM-0.6LSGM/LSGM/Pt) or Pt (Pt/LSGM/Pt)
tween LSM electrode and LSGM electrolyte during the cell as a cathode, the same decomposition behavior (i.e. porous
preparation:* The reaction product should show much lower decomposition layer and needle-shaped phase in decompo-
conductivity than either LSM or LSGM. The reaction layer sition front) was observed. In all cells, decomposition of the
is also responsible for the reduced activation energy in com- LSGM electrolyte initiates near cathode/electrolyte interface.
parison with that of the bulk LSGME In other words, the ~ The decomposition front was found at aroundp80 from
contribution of the reaction layer to the ohmic resistance is the Pt cathode for the Pt/LSGM/Pt cell. For this cell, the
large enough to change the measured conductivity of LSGM overpotential due to the applied current of 100 mAfomas
electrolyte. After the lowPo, measurement, further decrease 1.65V. The closer location~80um) of the decomposition
in ohmic conductivity was observed as shown by open squarefront from cathode for the Pt cathode than that 00pu.m) for
symbols inFig. 4. At first, we thought the decrease was due the LSM cathode is reasonable considering the smaller poten-
to the additional reaction between LSM electrode and LSGM tial for the Pt cathode (1.65 V) thanthe LSM cathode (1.85 V).
electrolyte. To verify the reason for the further decrease in As the overpotential increases, the reduction of cathode side
ohmic conductivity after the lowPo, measurement, we fab- become more severe and a wider decomposition layer is ex-
ricated and tested the Pt/LSGM/Pt cell (without LSM elec- pected at the electrolyte/cathode interface.
trode). Although the Pt/LSGM/Pt cell does not have LSM During the lowPo, measurement, the overpotential may
electrode, the decrease in ohmic conductivity after the low be concentrated on the cathode/electrolyte interface due to
Po, measurement was also observed (open and solid trianglethe higher overpotential than the ohmic potential. A reducing
symbols irFig. 4). Thus, we think that the additional decrease atmosphere as low as 3.6510 3¢atm can be developed
after the lowPo, measurement is not due to the further re- at the interface for P/LSM/LSGM/Pt cell. This reduction
action between LSM and LSGM but due to the change in potential is possible if the oxygen flow is partially blocked.
LSGM composition during electrochemical measurement. The reported decompositioRp, for LSGM at 800°C is

We have also examined the dependence of the ohmic con-~10-22atm>> Thus, we need only~1.04V to obtain
ductivity of the cell with thePo,. The ohmic conductivity was ~10-22atm with respect to the counter electrode potential.
nearly constant in alPo, above 0.01 atm. If the migration of ~ Although the actualPo, at the decomposition front is not
B-site ions continues during electrochemical measurement,clear due to the unknown potential distribution across the
the ohmic conductivity may vary witRo,. Thisisaproofthat  cell, the Po, at the decomposition front may be as low as
there is no further reaction between LSM and LSGM during 10-2?2atm when the cathode works as a current limiting or
800~ 900°C measurement. The change in ohmic conductiv- an ion-blocking electrode.
ity of LSGM only occurs after the lowPo, measurement. To determine the phases formed in the decomposi-

The microstructures of the cell (Pt/LSM/LSGM/Pt) after tion layer, the Pt/LSGM/Pt cell was maintained at low
the low Po, measurement are shown kiilg. 5. The LSGM Po, (0.003atm) at 800C, while supplying 100 mA/cf
electrolyte near LSM cathode became porous and small(~1.65V of overpotential) for~10h. The resultant cell
grains are visible ofig. 5a. In contrast, the original LSGM  was crushed and examined by X-ray diffraction. In addi-
electrolyte (far right side dfig. 5b) isdense. This porousarea tion to the original LSGM phase, k&3, La(OH) and
was formed due to the decomposition of LSGM electrolyte. LaSrGaQ were observed. The white powders observed on
Approximately 10Qum away from LSM electrode, needle- the Pt cathode surface was identified asQaand La(OH3.
shaped phases were newly formed. We named this area aThese phases probably formed as a result of Ga evapora-

IMAGE SEI 15.

Fig. 5. SEM pictures of (a) decomposition layer and (b) decomposition front of Pt/LSM/LSGM/Pt cell after tiReJaweasurement.
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