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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, products or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do no necessarily sate or reflect those of the United States
Government or any agency thereof.
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ABSTRACT

A thorough literature survey on low-temperature electrolyte and electrode materials for
SOFC is presented. Preliminary results of co-sintering LSGM film on the cathode
substrate were also reported. The chemical stability of LSGM in various SOFC
environments was thermodynamically assessed and verified by the molten-salt
technique.
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EXECUTIVE SUMMARY

At the beginning of the program, a literature survey on low-temperature electrolyte and
electrode materials was conducted to identify the state-of-art materials. The survey
strongly suggests the Sr- and Mg- doped LaGaO3 (LSGM) as the electrolyte candidate
and mixed electronic and oxide-ion conductors as the electrode candidates for low-
temperature SOFCs. The advantages of using perovskite electrolyte LSGM are its high
oxide-ion conductivity at lower temperature (See Figure 1 in Attachment 1) and excellent
structural and chemical compatibility with perovskite cathode substrates.  Selection of
mixed conducting electrodes is intended to help the electrode kinetics at lower
temperatures.

The LSGM films were first fabricated on various porous WPC3 tubular substrates using
simple and cheap slurry dip-coating/co-sintering technique. Although gas tight LSGM
films can be achieved by sintering at above1450oC, the chemistry of LSGM films has
been found greatly altered due to extensive chemical interdiffusion primarily between Mn
and Ga occurred at elevated temperatures (See Figures 1 and 2 in Attachment 3).

The thermodynamic stability of LSGM electrolyte in CO2-containing atmosphere was
assessed by both theoretical and experimental studies. Theoretical calculation, see
Figure 1 in Attachment 4, indicated that SrCO3 can be formed under fuel cell operating
condition if free SrO is present in LSGM. A following experimental study, namely molten
salt study, which was intended to verify the theoretical calculation, failed due to an
extensive chemical reactions between the selected salt system KCl-LiCl and LSGM (See
Table 1 and 2 in Attachment 4). Similar study but with different salt systems will be
reported in next semi-annual report.
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ATTACHMENT-1: LITERATURE SURVEY ON LOW-TEMPERATURE SOLID OXIDE
ELECTROLYTES AND ELECTRODES FOR SOLID OXIDE FUEL CELLS

Introduction

Development of low-temperature solid oxide fuel cells (SOFCs) has been one of the
ultimate goals pursued by the US Department of Energy for many years. The
significance of this development is best reflected on the possibility of cost reduction and
efficiency enhancement, which have been formidable challenges for the
commercialization of SOFC technology. High operating temperatures of a SOFC require
high costs of advanced materials able to function and multi-step procedures to fabricate.
Boosting system efficiency is one of the major benefits from DOE multi-staged SOFC
concept that spans the SOFC operating temperatures from 500 to 1100oC.

Although decreasing the thickness of the electrolyte is one of means to lower the
operating temperatures, there are limitations to this approach in terms of chemical
interdiffusions and difficulty to make pinhole free films. Instead, it is alternatively believed
that the success of low-temperature SOFCs relies largely on the materials development,
viz., high oxide-ion conductivity electrolytes and mixed electronic and oxide-ion
conducting electrodes. Therefore, finding alternatives to the present electrolyte and
electrode materials, which have superior electrical properties at reduced temperatures,
is a crucial step towards to developing lower-temperature SOFCs.

In this literature survey, we review past and recent developments in the field of
electrolytes and mixed-conducting electrodes. Since most of oxide-ion conducting
materials discovered in the past century are among fluorite and perovskite oxides, we
focus on these two classes of materials in the following context. The oxide-ion
conductivity, chemical stability and mechanical compatibility of low-temperature
electrolyte and electrode materials are particularly evaluated.

Solid Oxide Electrolytes

The solid oxide electrolyte, a sole oxide-ion conductor, is an essential element in an
SOFC. Different from the one in an oxygen sensor, the electrolyte in a SOFC must be
able to sustain a significant amount of current. This requirement demands the highest
oxide-ion conductivity possible for the oxide electrolytes. Therefore, the oxide-ion
conductivity is the most important parameter for evaluating an electrolyte. Moreover, any
resistance that is associated with electrodes and electrode/electrolyte interfaces can
lead to voltage drop when a current is drained in a SOFC. In this prospect, chemical
reactions between electrolyte and electrodes as well as the electrode performance
should also be considered seriously.

Oxide electrolytes with fluorite structure

Fluorite oxides are the most studied materials for solid oxide electrolytes, mainly
because of the structural favoring for oxide-ion migration and availability of creating
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oxygen vacancies. A representative of fluorite electrolytes is the stabilized ZrO2. It is well
known that pure ZrO2 exhibits three types of crystallographic polymorphs- monoclinic,
tetragonal and cubic with increasing temperatures, respectively.  Although the pure ZrO2

is neither an electronic nor an oxide-ion conductor, its oxide-ion conductivity can be
considerably increased by suitably doping lower valence cation in the place of Zr. The
common dopants include alkaline- and rare- earth cations such as Sr2+, Ca2+, Sc3+ and
Y3+. The doping not only leads to an increase of conductivity as a result of increased
numbers of oxygen vacancies, but also the stabilization of the cubic phase down to the
room temperature. As a doping strategy, the radius of the dopant plays an important role
on the oxide-ion conductivity. It is found that the closer the dopant radius is to that of Zr4+

(r(VIII)= 0.84 Å), the higher the conductivity. Immediate examples are Zr0.9Sc0.1O1.95

(ScSZ) (r(Sc3+, VIII)= 0.87 Å)) that has σ ~ 0.1 S/cm at 800oC and Zr0.9Y0.1O1.95 (herein
after referred to YSZ) (r(Y3+,VIII)= 1.02 Å)) that has σ ~ 0.03 S/cm at the same
temperature.

To lower the operating temperature of a SOFC implies to increase the conductivity of the
electrolyte. It is clear from the structure that to leave a tetrahedral crystallographic site,
the oxide-ion must pass a bottleneck consisting of three cations located at the vertexes
of one of the triangular faces of its coordination tetrahedron. The simplest way to make
this passage easier is to occupy the cation sites with polarizable cations. As the
polarizability of an ion increases with its ionic size, larger cations are preferred.
However, to maintain the stability of the fluorite structure, the cation/anion radius ratio
must be kept close to 0.70. Considering oxide-ion radius of 1.38 Å, the optimal cation
size appears to be 1 Å. Such large 4+ cations can only be found among 4f and 5f
elements. Immediate examples are the cerium oxide and the uranium oxide.

Ceria-based solid solutions have been extensively studied as possible substitutes of
ZrO2-based electrolytes potentially used in SOFCs for the past several decades. As
expected above, its conductivity is generally higher than that of zirconia-based solid
solutions. For instance, Gd-doped CeO2 has an oxide-ion conductivity of five times
higher than that of YSZ in air as shown in Fig. 1. Among CeO2-based electrolytes, Sm-
doped CeO2 exhibits the highest oxide-ion conductivity 1, see Fig. 1. Although the
electrical conductivity of the ceria family shows promise to replace the YSZ, its
reducibility under a reducing atmosphere due to the mixed valence of Ce4+/Ce3+ couple
confines significantly its applications in SOFCs. The reduction of Ce4+ not only
introduces the unwanted electronic conduction, leading to loss of cell efficiency, but also
induces dramatic dimensional changes as a result of lattice oxygen loss, leading to
warping or cracking of CeO2 membranes. A straightforward solution to circumvent this
problem is to coat a thin protective layer of YSZ on the fuel electrode side2, 3, but a
reaction between ZrO2 and CeO2 has been found during fabrication and long-term
operation, which increases significantly the cell resistance 4.

Although the high conductivity is an essential parameter for a solid electrolyte, its
chemical stability in both oxidant and fuel atmospheres and chemical compatibility with
electrodes are equally important for SOFC applications. ZrO2-based solid electrolytes
have been known to have excellent chemical stability in either oxidizing or reducing
atmosphere, but their reactivity with La in the air-electrode at elevated temperatures
needs to be carefully addressed during the course of manufacturing SOFCs. This issue
will be further discussed in the section 3.
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Fig. 1 Arrhenius plots of oxide-ion conductivity of ceria-based oxides doped with
rare-earth oxides 5. ¡- (CeO2)0.8(SmO1.5)0.2; ê-(CeO2)0.8(GdO1.5)0.2; ∇-
(CeO2)0.8(YO1.5)0.2; o-(CeO2)0.8(CaO)0.2; n-CeO2 ; l-(ZrO2)0.8(YO1.5)0.15.

Oxide electrolytes with perovskite structure

One class of materials that also exhibit high oxide-ion conductivity is based upon the
perovskite structure. Oxides with perovskite structure, which have the generic formula
ABO3, are one of the most versatile classes of solid state oxide materials known. They
can accommodate a wide range of cations and exhibit a variety of conductivity
behaviors, ranging from predominantly electronic (e. g. LaNiO3) 6 to almost purely ionic
(e. g. doped LaGaO3) 7, 8. Extrinsic oxygen vacancies can be easily generated in the
perovskite by doping lower valence cations at A and/or B sites or, alternatively, the
vacancies can be intrinsic to the structure, as in the case of the highly oxygen-deficient
brownmillerite. A comparison of conductivities in perovskite and fluorite electrolytes is
given in Fig. 2, where oxide-ion conductivities ranging from essentially zero to equaling
or exceeding that of stabilized zirconia are clearly seen.
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Fig. 2 Arrhenius plot of oxide-ion conductivity for La0.9Sr0.1Ga0.8Mg0.2O3-δ 3;
Ba2In2O5 

9
; Ba2In1.75Ce0.25O5.125 6; and YSZ. The conductivity for both Ba2In2O5

and Ba2In1.75Ce0.25O5.125 was measured at an oxygen partial pressure of 10-6 atm.

In 1990, Goodenough et al 9 first pointed out the possibility of high oxide-ion conductivity
in perovskites or perovskite-related intergrowth by demonstrating an oxygen vacancy
order-disorder transition at 930oC in the brownmillerite Ba2In2O5. The activation energy
for disordered oxygen vacancies is close to that observed in the fluorite structure. Since
then, a number of doped perovskites have been reported to exhibit appreciable oxide-ion
conductivity. Among these perovskite oxides, doped LaGaO3 is the most prestigious
solid oxide electrolyte discovered recently. Table 1 lists the oxide-ion conductivities at
700oC for a number of oxygen-deficient perovskites.

Table 1 Oxide-ion Conductivity for selected perovskite oxides

Perovskites T(oC) σ (S/cm) Ref.
NdAlO3

Nd0.9Sr0.1AlO3
Nd0.9Ba0.1AlO3
Nd0.9Ca0.1AlO3

Nd0.9Sr0.1Al0.5Ga0.5O3
Nd0.9Sr0.1Al0.9Ga0.1O3
Nd0.9Sr0.1Al0.9Co0.1O3

Nd0.9Sr0.1Al0.9Cu0.1O3
Nd0.9Sr0.1Al0.9Ni0.1O3
Nd0.9Sr0.1Al0.9Be0.1O3

Nd0.9Sr0.1Al0.9Zr0.1O3
Nd0.9Sr0.1Al0.9Mg0.1O3

700
700
700
700
700
700
700
700
700
700
700
700

1x10-5

8x10-4

1x10-4

5x10-3

1x10-2

5x10-3

1x10-1

5x10-3

1x10-3

1x10-3

5x10-4

5x10-4

10

6
6
11

7
7
7
7
7
7
7
7
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Nd0.9Sr0.1Al0.9Si0.1O3

Nd0.9Sr0.1Al0.9Zn0.1O3
CaCe0.9Er0.1O3
BaTb0.9In0.1O3

SrZrO3
La0.9Sr0.1GaO2.95
La0.9Ca0.1GaO2.95

La0.9Ba0.1GaO2.95
La0.9Sr0.1Ga0.9In0.1O2.95
La0.9Sr0.1Ga0.9Al0.1O2.95

La0.9Sr0.1Ga0.9Mg0.1O2.90
La0.9Sr0.1Ga0.8Mg0.2O2.85
La0.8Sr0.2Ga0.83Mg0.17O2.815

La0.8Sr0.2Ga0.83Mg0.17O2.815

700
700
700
700
750
700
700
700
700
700
700
700
700
800

1x10-4

3x10-4

7x10-3

5x10-2

4.3x10-6

1x10-2

3x10-3

3x10-3

5x10-2

2x10-2

6x10-2

7x10-2

9x10-2

1.8x10-1

7
7
12

8
13

3
3
3
3
3
3
3
14
10

In 1994, the Sr- and Mg-doped LaGaO3, hereinafter denoted as LSGM, was first
reported in both Ishihara’s (Japan) and Goodenough’s groups (The University of Texas
at Austin) 2, 3. The AC conductivity of the LSGM was reported to be 0.10 S/cm at 800oC
for the composition of La0.9Sr0.1Ga0.8Mg0.2O2.85, and further improved to 0.17 S/cm at the
same temperature for the composition of La0.8Sr0.2Ga0.83Mg0.17O2.815 as a result of
increased numbers of oxygen vacancies and purer phase 10. Soon after its debut as an
oxide-ion conductor, single SOFCs based on the LSGM were demonstrated to have very
encouraging high power density even with a thick film (>500 µm) 15. Table 2 summarized
the progress on thick-film LSGM-based SOFC achieved in The University of Texas at
Austin. It is clear from Table 2 that the LSGM electrolyte is a strong candidate for low
temperature SOFC.

Table 2 Performance exhibits of thick-film LSGM-based SOFCs

Years LSGM electrolyte Air-electrode/fuel-electrode Vcell(V)@800oC

J=300mA/cm2

MPD@800oC

(mW/cm2)

1995-97 La0.9Sr0.1Ga0.8Mg0.2O2.85

L= 500 µm

LSCo40/SDC20+NiO 0.75 270

1998 La0.8Sr0.2Ga0.83Mg0.17O2.815

L= 500 µm

LSCo40/SDC20+NiO

LSCo40/SDC20/SDC20+NiO

0.85

0.90

440

550

1999 La0.8Sr0.2Ga0.83Mg0.17O2.815

L= 550 µm SCF/SDC20+NiO 0.97 700

2000 La0.8Sr0.2Ga0.83Mg0.17O2.815

L= 600 µm

SCF/LDC40+NiO

SCF/LDC40/LDC40+NiO

0.98

1.00

800

900

Notes: LSCo40=La0.6Sr0.4CoO3-δ; SDC20= Ce0.8Sm0.2O1.9; SCF= SrCo0.8Fe0.2O3-δ; LDC40=

Ce0.6La0.4O1.8

Although perovskite electrolytes show superior conductivity performance, concerns on
their chemical stability may arise when they are exposed to CO2 and H2O atmospheres.
It is generally true that the larger A-cation that coordinates 12 oxygen atoms determines
the chemical stability in oxygen containing atmospheres such as CO2 and H2O, while the
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smaller B-cation determines the chemical stability in reducing atmospheres. This is
because the larger A-cation has a greater tendency to attract additional oxygen in CO2

and H2O in the presence of large amount of oxygen vacancies to fulfil the coordination
requirement. Therefore, most of A= Sr and Ba perovskites have very poor chemical
stability in CO2 and H2O atmospheres. On the other hand, main group elements as B-
cations with fixed valence are preferred for solid oxide electrolytes since any mixed
valence would induce unwanted electronic conduction.

As a summary of this section, some important properties of LSGM and YSZ, which
appear to be a pair of competitors for the electrolyte used in low-temperature SOFC, are
compared in Table 3. In addition to much higher oxide-ion conductivity than that of YSZ,
LSGM has excellent chemical and structural compatibility with most of the perovskite air-
electrode materials, particularly mixed conductors. This advantage offers the possibility
of co-sintering the LSGM with air-electrode materials.

Table 3 Property comparisons between the LSGM and the YSZ electrolytes

LSGM YSZ

Crystal structure Primitive cubic Face centered cubic

AC Conductivity 0.17 S/cm @ 800oC 0.12 S/cm @ 1000oC

Ionic transport number tion = 1.0 tion = 1.0

Mechanical properties Hardness(GPa)=7.8±0.4
Elastic modulus (GPa)=187
Poisson’s ratio = 0.29
Fracture Toughness
(MPa·m1/2) =1.11±0.10

Hardness(GPa)= 12
Elastic modulus (GPa)=
200
-
Fracture Toughness
(MPa·m1/2) = 11

Chemical stability in CO2-
containing atmosphere

Excellent Excellent

Chemical compatibility at
air-electrode interface Excellent, no chemical

reactions occurred
Poor, the La2Zr2O7 phase
commonly formed

Chemical compatibility at
fuel-electrode interface

Poor, La-diffusion occurred Excellent, no chemical
reaction occurred

Air-Electrode Materials

Doped LaMnO3 perovskites are the most successful air-electrode materials to date for
ZrO2-based SOFCs. This selection was adopted by the industry primarily based on the
considerations of exhibited catalytic activity on oxygen reduction, chemical stability and
thermal expansion match to the YSZ electrolyte. For example, the Westinghouse tubular
SOFC’s air electrode has been proved to possess reasonably good catalytic activity at
high temperatures (>1000oC) and very good thermal expansion match to the electrolyte
(TEC = 11.0 × 10-6 /K vs 10.9 × 10-6 /K).
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However, an appreciable performance decrease at lower-temperature range (T<1000oC)
is frequently encountered, mainly due to electrode polarization for a thin-film electrolyte.
For instance, the electrolyte resistance index is 0.2 Ω·cm2 at 800oC for a 40 µm-thick
YSZ assuming a conductivity of 0.02 S/cm while the overall cell resistance index is more
than 1.0 Ωcm2 for the same temperature. The ability to maintain catalytic activity at low
temperatures turns out to be one of key issues for the low temperature SOFC air-
electrode development. It is well known that doped LaMnO3 is a solely electronic
conductor. The oxygen reduction can only take place at the triple phase boundary where
gaseous oxygen, electrons and oxide-ions meet. Many experiments16, 17 have proved
that the ionic transfer across the electrode/electrolyte interface is a rate-limiting step of
overall oxygen reduction. This ionic transfer process is heavily thermally activated with a
fairly high activation energy (1 ~ 2 eV). Therefore, lowering cell operating temperature
could dramatically reduce the catalytic activity of the oxygen reduction.

Mixed electronic and oxide-ion conducting perovskites are one class of materials that
are actively studied as electrodes in recent years. This type of material generally
contains cobalt in the B-site of a perovskite ABO3. The perfect energy level of Co4+/Co3+

redox couple provides a very high electronic conductivity accompanying with appreciable
oxide-ion conductivity at elevated temperatures. Conduction of both electrons and oxide-
ion through crystal lattices as an entity represents one of the important features of these
mixed conductors. By using them as the electrode materials, the oxygen reduction is no
longer confined at the triple phase boundary as in the case of doped LaMnO3. In fact, the
reaction expands to all the bulk volume of the electrode. In this circumstance, porosity in
the air-electrode may not be a crucial factor any more. The oxygen exchange at the gas-
solid surface was shown instead to be the rate-limiting step18, 19, a process that has a
much lowered activation energy. Thereby, the overall rate of oxygen reduction is
considerably accelerated, especially at lower temperature ranges. Very good electrode
performance has been experimentally observed in the system La1-xSrxCoO3-δ 20. Several
other systems such as La0.6Sr0.4Co0.2Fe0.8O3-δ 21, 22 and La0.8Sr0.2Co0.8Ni0.2O3-δ 23 have
also been suggested as the potential air-electrode material.

Although mixed conducting electrodes exhibit excellent electrochemical performance,
their practical application as an air-electrode in a SOFC is still plagued due to their
exceptionally larger thermal expansion coefficients (TECs) than those of electrolyte
materials. This dilemma is mainly caused by the dramatic loss of lattice oxygen at
elevated temperatures. It will be very difficult to implement these mixed conductors in a
practical SOFC until this is resolved. On the other hand, these mixed conductors have
also been shown to have a greater tendency to react with the electrolyte than those of
electronic conductors currently used in SOFCs.

The question now is if we can find a practical mixed conductor for low temperature
SOFC. The answer is positive. The mixed conductivity can be realized either in a
homogenous phase as in the case of La cobaltites where electrons and oxide-ions
conduct simultaneously in one phase and or in a dual phase where electrons and oxide-
ion conduct simultaneously in discrete phases. Since there is no oxygen loss associated
with the individual phases in composite mixed conductors, the thermal expansion match
between the electrode and the electrolyte can be adjusted by the ratio of the oxide
phase. Practically, present fuel-electrode cermet and air-electrode interlayer materials
are the examples of dual-phase mixed conductors. The literature strongly suggests that
application of a dual-phase mixed conducting interlayer at the interface of the electrode
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and electrolyte is a viable solution for enhancing the low temperature performance of a
SOFC without encountering the thermal expansion mismatch problem.

Fuel-Electrode Materials

Ni-based cermets are the most commonly used and successful fuel-electrodes in a
SOFC. The excellent catalytic activity on fuel oxidation provided by nickel particles and
matched thermal expansion provided by the YSZ skeleton assure the outstanding
performance exhibited by this dual-phase fuel-electrode. Recently, several studies 24, 25

have shown the performance of the current fuel-electrode can be further improved by
replacing YSZ with doped CeO2, particular in the low temperature regime. This low-
temperature enhancement benefits from the fact that the mixed conductivity shown by
the redox couple Ce4+/Ce3+ in reducing atmospheres catalyzes fuel oxidation. This is
supported by the result of an independent catalytic study of hydrocarbon oxidation on
the CeO2 surface 26, which the authors concluded that CeO2 is a good catalyst for
complete oxidation of hydrocarbon fuels. As with most mixed conductors, doped CeO2

also exhibits a large thermal expansion with loss of oxygen at elevated temperatures
and low partial pressures of oxygen. This challenge must be met before it can be
successfully used in SOFCs.

Summary

Realization of low-temperature SOFC depends largely on the availability of electrolyte
and electrode materials that are operable in the low temperature range. A literature
survey on oxide-ion conductors suggests that the Sr- and Mg-doped LaGaO3 perovskite
oxide is a strong candidate for low-temperature SOFC. Not only is the conductivity
higher than that of YSZ, but it also has better chemical and structural compatibility with
the air-electrode. For the air-electrode, mixed electronic and oxide-ion conductivity is
highly desired for low temperature applications in terms of electrochemical performance.
Because of the unusually high TECs observed in single-phase mixed conductors, a dual-
phase mixed conductor consisting of discrete electronic and oxide-ion conducting
phases as either an interlayer or an air-electrode substrate could be a viable solution to
achieve high performance for a SOFC at low temperatures. For the fuel-electrode, the
literature clearly indicated that doped CeO2 could be a better ceramic phase in the
common dual-phase fuel-electrode composition for electrochemical oxidation of fuels as
a result of the mixed conductivity exhibited by Ce4+/Ce3+ redox couple. Additional work is
needed to address the TEC increase in CeO2 due to loss of oxygen.
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Attachment-2: CO-SINTERING LSGM FILMS ON CATHODE SUBSTRATE AND
CHARACTERIZATIONS

Experimental

Pellets of the LSGM electrolyte with the composition suggested by the literature survey
in Task 1 have been prepared via solid state synthesis routine. Electrical conductivity
and thermal expansion coefficient measurements were performed on the well sintered
(>99% of XRD density) bar samples.

Two techniques have been proposed to fabricate LSGM electrolyte thin-films: slurry
coating followed by co-sintering and plasma spray. The rationale of slurry coating/co-
sintering technique is based on the chemical and structural similarity between LSGM
and WPC3 air-electrode. Coatings were applied on the tubular segments from two types
of porous Bisque Fired (BF) and Fully Fired (FF) WPC3 tubes, standard and fine-
grained, followed by sintering at 1450, 1475, and 1500 for 3 hours. The sintered cutoff
tubes were then subject to window leak rate test as well as submitted for microanalysis.

Results and Discussion

The conductivity and thermal expansion coefficient of LSGM and LSM sample were
summarized in the Table 1. For comparison, some data of Siemens Westinghouse
WPC3 air-electrode and La0.8Sr0.2MnO3 (LSM) that were made from a wet-chemical
method are also included in the Table 1. It is clear that LSM exhibits the closest thermal
expansion match with LSGM in addition to its higher conductivity than WPC3 air-
electrode. It appears to suggest that the LSM be a better air-electrode material for the
LSGM electrolyte.

Table 1 Comparisons between LSGM, LSM and WPC3

In air In N2+4%H2-H2O (r. t.) XRD
TEC

(25 – 1200oC)
DC σ at
800oC

TEC
(25–1200oC)

x10-6/K

DC σ at
800oC

LSGM 11.73x10-6/K 0.12 S/cm 11.71 0.12 S/cm Primitive cubic
LSM 11.71 x10-6/K 180 S/cm - - Orthorhombic

LSGM+LSM
(1:1 vol%)

11.68 x10-6/K - - - Two-phase
mixture

WPC3 10.7 x10-6/K ~80 S/cm - - Multi-phase

The window leak rate results of co-sintered LSGM films on cathode substrate were listed
in Table 2. It is evident that bisque fired WPC3 tubes allow densification of LSGM films
more easily than fully sintered tubes and fine-grained tubes have a better chance to yield
dense LSGM films than standard tubes. Microstructural examinations agreed well with
the window leak rate test, see Fig. 1 below. All these results signal the importance of
maintaining the closest co-shrinkage rate during sintering of films and substrates. It is to
be noted that retention of the porosity required for adequate oxygen diffusion in the
WPC3 tube has not been considered at the present stage.
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Table 2 Window leak rate (mmHg/min) of co-sintered LSGM electrolyte on WPC3
substrates

1450oC 1475oC 1500oC
BF STD WPC3 leaky 45 0.3
FF STD WPC3 leaky - 70
BF FG WPC3 leaky 0.3 0.1

The microstructures of co-sintered LSGM films on WPC3 substrates were examined
primarily using optical microscopy after the samples were well polished. Fig. 1 shows the
microstructures of co-sintered LSGM films on WPC3 substrates as the sintering
temperature increases. At 1450oC, Fig. 1 (a), the LSGM film on the BF STD WPC3
substrate has a porous structure with the appearance of a second phase that is in dark
in color. Similarly, Fig. 1 (b) reveals a similar LSGM microstructure on the FG BF WPC3
substrate, but with a developing dense layer at the interface that is bright in color. The
porous structures confirm the window leak test results shown in Table 2. With increasing
the sintering temperature to 1475oC, Fig. 1 (c), the LSGM film on the BF STD WPC3
substrate appears to consist of two layers, one on the top similar to Fig. 1(a) and another
dense one growing from the interface. The growth of the dense layer appears to
complete as a result of disappearing top porous layer in the LSGM film on the FG WPC3
substrate, see Fig. 1 (d). With further increasing the sintering temperature to 1500oC,
both BF STD and BF FG WPC3 supported LSGM films have been shown to be dense in
Figs.  (e) & (f), respectively. No top porous layer that contains second phase is visible
any more at a temperature ≥1500oC. This observation suggests that the second phase is
either dissolved by the growing dense layer or simply vaporized. In this aspect,
determination of chemistry across the interface is crucial.



Figure 1 Microstructures of co-sintered LSGM films on various WPC3 substrates
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ATTACHMENT-3: CHEMICAL ANALYSIS OF THE UN-DENSIFIED AND DENSIFIED
LSGM ELECTROLYTE LAYERS

Experimental

EBMA (Electron Beam Micro-Analysis) technique was used to examine the change in
chemical composition across the interface of LSGM and cathode substrate.

Results and Discussion

As pointed out in the last monthly report, the un-densified electrolyte layer typically
contains two phases. Fig. 1(a) and (b) show a back-scattered SEM micrograph and the
corresponding EBMA line scan across a LSGM layer on a fully sintered standard WPC3
substrate. The A/B ratio varies close to 1 across the region from 0 to 40 µm, indicating a
perovskite structure in both the LSGM electrolyte layer and the WPC3 substrate. At ~50
µm where a dark phase is located, EBMA revealed an A/B ratio close to 2/3. This finding
infers that the dark phase has a formula of A2B3O7 that is commonly encountered in
LSGM materials. The compositions for the major ABO3 and minor A2B3O7 (denoted as
237) phases are averaged to be La0.88Sr0.07Ce0.02Ca0.03Ga0.61Mn0.27Mg0.10Cr0.02O3-δ and
La1.04Sr0.52Ca0.41Ce0.02Ga2.95Mn0.03Mg0.02O7−δ. Clearly, there is a significant Ga-Mn
interdiffusion occurred across the LSGM and WPC interface whereas Ce, Ca and Cr
contents in the perovskite phase are very small. However, plenty of Ca was found in the
237 phase with Ce, Mn and Mg as minor components, in contrast to the commonly found
impurity LaSrGa3O7 during the preparation of LSGM. It appears that Mn and Ca diffuse
preferentially into the LSGM perovskite and 237 phase, respectively, with the counter
diffusion of Ga and Sr into the WPC substrate, see Fig. 1(c).

Typically, a dense LSGM layer is frequently found with a single-phase composition. This
is illustrated in Fig. 2 (a) and (b), which showed an LSGM layer co-sintered on a bisque-
fired standard WPC substrate. EBMA line scan, Fig. 2(b) and 2(c), revealed the
composition of the LSGM layer as La0.87Sr0.07Ce0.02Ca0.04Ga0.60Mn0.29Mg0.08Cr0.02O3-δ,
which is essentially identical to that of LSGM on a fully sintered WPC substrate. The
absence of the impurity phase 237 in the LSGM layer for the bisque-fired WPC substrate
is surprising, implying that a close relationship between co-shrinkage of film-substrate
and cation interdiffusion at elevated temperatures could be established. This is because
the co-shrinkage rate between LSGM and bisque-fired WPC3 is much better matched
than that of LSGM and fully sintered WPC3 substrate. To understand this relationship,
we must start from the sintering mechanism of LSGM. The precursor LSGM slurry used
for dip coating was made from LSGM powders that were calcined at 1250oC for 15
hours. X-ray diffraction has shown it to be a three-phase mixture of non-stoichiometric
perovskite, LaSrGaO4 (denoted as 214) and LaSrGa3O7. At higher temperatures
(typically >1450oC) the non-stoichiometric perovskite reacts with LaSrGaO4 and
LaSrGa3O7, resulting in the desired single-phase perovskite. The shrinkage of LSGM
during the sintering is usually accompanied by the disappearance of impurity phases
LaSrGaO4 and LaSrGa3O7. This dissolution process can be expressed as follows:

La1-x-q-rSrx-q-rGa1-q-3r-yMgyO3-0.5(x+y )-4q-7r+q LaSrGaO4+r LaSrGa3O7 = La1-xSrxGa1-yMgyO3-0.5(x+y )
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However, the scenario is quite different when other cation diffusion sources are present
during the sintering. The dissolution of 214 and 237 phases into the perovskite phase
could be hindered or altered by these foreign cation diffusions. With a fully sintered
WPC3 as a substrate, the sintering shrinkage of LSGM layer is dragged by the rigid
substrate, leading to a porous film structure and incomplete dissolving of second phase,
namely 237. As a result, the Ca-diffusion outpaces the dissolving process, producing
Ca-containing 237 phase as shown in Fig. 1(b). In contrast, when the shrinkage of
LSGM film is bettered matched with that of the bisque-fired substrate, the dissolution
process of 214 and 237 phases is fast enough to complete prior to Ca-diffusion into the
237 phase. This would lead to a single perovskite phase composition in the LSGM layer
as shown in Fig. 2(b).

Summary

the formation of perovskite LSGM film on the WPC substrate is a kinetics-related
process. Therefore, it must be sensitive to the sintering temperature and duration. This
would require well-defined sintering parameters. In addition, the transport property of the
formed Mn-containing perovskite needs to be studied. All these issues will be addressed
in future.

(a)
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 (b)

(c)

Fig. 1 LSGM (1250oC/15hrs) film co-sintered at 1500oC/3hrs on the fully sintered WPC
substrate. (a) Back-scattered image (b) A/B ratio variation with distance (c) Elemental
distribution over distance.
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(a)

(b)

(c)
Fig. 2 LSGM (1250oC/15hrs) film co-sintered at 1500oC/3hrs on the bisque-fired WPC
substrate. (a) Back-scattered image (b) A/B ratio variation with distance (c) Elemental
distribution over distance.
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ATTACHMENT-4: THERMODYNAMIC STABILITY ANALYSIS OF LSGM
ELECTROLYTE IN CO2 CONTAINING ATMOSPHERES

The carbonate formation of an alkaline-earth element in a perovskite oxide is a well-
known phenomenon and is thermodynamically favorable at lower temperatures and high
CO2 atmospheres. From a structural standpoint, large +2 alkaline-earth cations such as
Sr and Ba usually have 12-coordination with adjacent oxygen ions in perovskite oxides.
Oxygen vacancies are created by either acceptor doping or increasing temperature.
Alkaline-earth cations tend to attract additional oxygen to oxygen vacancies sites due to
the coordination requirement from the oxygen-containing environment. CO2 in the
surrounding atmosphere of the perovskite oxides is a source for providing oxygen.
Therefore, the carbonation process in the perovskite is also structurally favorable.
Practically, carbonate formation is extremely detrimental for SOFC applications since the
presence of carbonates on the surface of the functional materials deteriorates
significantly their electrical conductivity and mechanical stability. A thorough
understanding of this process is, therefore, technically important in terms of preventing it
from occurring in a SOFC generator.

Sr- and Mg- doped LaGaO3 perovskite (LSGM) has been identified as a good electrolyte
candidate for the lower temperature SOFC. Due to its role as an electrolyte, the LSGM
will be in contact with CO2-containing atmospheres on the fuel side. Therefore, the
chemical stability of LSGM in such an atmosphere is of critical importance. As the first
part of this study, we report a thermodynamic analysis of SrCO3 formation in LSGM in
CO2-containing atmospheres. In the coming months, we will report experimental results
obtained with the molten salt and thermal analysis techniques.

The thermodynamic data on SrCO3, SrO and CO2 have been well documented in the
literature. The SrO-SrCO3 stability domains as functions of temperature, SrO activity and
partial pressure of CO2, were calculated directly from the work by J. J. Lander (J. Am.
Che. Soc., vol 73 (12) (1951) 5794) and are shown in Fig. 1. The SrCO3 stability domain
favors low temperatures and high CO2 atmospheres. Since SrO in the LSGM is in a
dissolved state, its activity must be considered in the calculations. The activity of SrO in
the LSGM can be simply taken as its molar fraction x=0.1 if Raoult’s law is followed.
Otherwise, the SrO activity can be either higher than 0.1 or lower than 0.1 depending
upon whether the solid solution positively deviated or negatively deviates from Raoult’s
law. Considering the low SrO content in the LSGM solid solution, no significant deviation
is expected in our case if the molar fraction x=0.1 is taken as the activity in the
calculations. In Fig. 1, several activities of SrO were plotted against the pure SrO for
comparison. This figure shows that the stability domain of SrO is expanded upon
decreasing the SrO activity. Three atmospheres are displayed in Fig. 1, which
correspond to the CO2 contents in depleted fuel (85% fuel utilization, P(CO2)=0.35 atm),
3% CO2-N2 mixture (P(CO2)=0.03 atm) and dry air (P(CO2)=3x10-4 atm). It is clear that
the LSGM based cells must operate at temperatures above ~950oC in order to avoid the
formation of SrCO3 in the deleted fuel atmosphere. On the other hand, no SrCO3 would
form in a dry air if the operating temperature is kept above 800oC. It appears that
protection of LSGM from forming carbonates in a practical SOFC generator must be
implemented. A candidate material for the protective layer has been selected for future
work.
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Figure 1 Thermodynamic stability domain of SrO-SrCO3

It is to be noted that only thermodynamic factors were considered presently. The above
carbonation process may be kinetically slow at low temperatures.
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ATTACHMENT –5 THERMODYNAMIC STABILITY STUDY OF LSGM ELECTROLYTE
IN CO2 CONTAINING ATMOSPHERES USING THE MOLTEN SALT TECHNIQUE

Experimental

The molten salt method has been used in the past to synthesize a number of
compounds at relatively low temperatures which otherwise require higher temperatures
for conventional, solid-state synthesis. The method consists of adding requisite
precursors in the required ratio to a molten salt mixture or eutectic that accelerates the
kinetics of formation of the desired compound. This technique has also found successful
applications in studying low-temperature phase equilibria and low-temperature
thermodynamic stability. Examples include the thermodynamic stability study on BaCeO3

and SrCeO3 systems and extension of the low-temperature phase diagram of the TiO2-
SnO2 and CeO2-ZrO2 systems. However, the applicability of this method depends on two
important requirements: (1) the material under study should be slightly soluble in the
molten salt medium, and (2) the molten salt solvent should not chemically react with the
material under study. In this report we show experimental results of using this technique
for studying the thermodynamic stability of low-temperature electrolyte LSGM as
required by the original proposal of this project.

To examine the applicability of the molten salt technique to this study, we selected a
medium target temperature of 450oC in order to give a clear indication of any possible
chemical reaction between the solvent and the LSGM. For this temperature, the molten-
salt system KCl-LiCl that contains 41 m/o KCl and 59 m/o LiCl and has a Teu= 355oC
was chosen. The weight ratio of molten salt to ceramic powder mixture was kept
between 2:1 to 4:1. After an intimate mixing the sample was heated up to 450oC and
held for 24 to 36 hours, after which it was cooled to room temperature. The reacted
mixture was then washed in DI water thoroughly to remove the salts and dried in an
oven overnight. X-ray diffraction and ICP analysis were performed on the washed and
dried powders. To study the atmosphere effect, four atmospheres were used during the
reaction: dry air, 6%H2O+air, 3%CO2+N2 and 6%H2O+2.8%CO2+ N2.

Results and Discussion

Table 1 shows the ICP analysis results of four samples after firing at 450oC as well as
the nominal composition for LSGM electrolyte. It is very clear that the starting
composition of the LSGM has been completely changed as a result of reacting with the
salt KCl-LiCl. It appears that gallium and strontium in the LSGM have been dissolved
into the salt and lost by the washing process, leading to a decrease in their individual
concentration. As a consequence, the lanthanum and magnesium concentrations were
elevated. It is to be noted that the resulting La, Sr, Ga and Mg concentrations would
depend on how well the final mixture was cleaned. The fluctuation of analysis data in
Table 1, therefore, would not be a surprise. The compound LaOCl was detected by x-ray
diffraction and confirmed the presence of Cl in the final powders. A small amount of K
observed in the powders is believed to originate from the residual salt whereas the
higher remaining Li content may indicate a possible formation of a Li compound with
LSGM. However, this was not detected by x-ray diffraction. All other impurities originated
from the starting electrolyte LSGM, the Al 2O3 reaction boat and the salt KCl-LiCl. No
conclusive effects from the atmospheres can be found due to the present chemical
reaction between the LSGM and the salt.
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Table 1 ICP analysis results and nominal composition of LSGM electrolyte
Sample
Elements

Dry
air
Wt%

3%CO2+N2

Wt%
3%H2O+air
Wt%

6%H2O+2.8%CO2+N2,
Wt%

Nominal
composition

La 61.72 58.98 70.43 63.21 45.45
Sr 3.33 4.77 1.89 5.51 7.17
Ga 12.24 12.23 8.76 10.24 23.67
Mg 2.15 1.99 2.37 2.18 1.69
O 16.44 16.98 15.20 15.39 21.02
K 0.04 0.06 0.04 0.09 -
Li 0.88 1.26 0.37 0.18 -
Leachable
Cl

2.70 3.20 0.67 0.95 -

Fe 0.06 0.04 0.03 0.03 -
Al 0.09 0.10 0.05 0.03 -
B 0.03 0.01 - - -
Ca 0.08 0.25 0.12 0.13 -
Cr 0.03 0.03 0.02 0.03 -
Cu 0.03 0.02 - - -
Na 0.05 0.04 0.04 0.02 -
Si 0.12 0.03 - - -

X-ray diffraction analysis results of the above four samples are shown in Table 2. It is
clear that a substantial amount of LaOCl has been found in the final powders, implying a
chemical reaction between La2O3 and the Cl-containing salt. As a result of this reaction,
the nominal composition of the LSGM was altered, leading to a formation of second
phase SrLaGaO4.

Table 2 X-ray diffraction quantitative analysis results

Phases
Dry air
vol%

3%CO2+N2

vol%
3%H2O+air
vol%

6%H2O+2.8%CO2+
N2, vol%

LaOCl, tetragonal 58.6 63.6 67.3 47
SrLaGaO4, BCC tetra. 6.7 6.6 0.9 0.9
LaGaO3, orthorhombic 34.7 29.8 31.8 52.1

Summary

Extensive reactions occurred between the electrolyte LSGM and solvent KCl-LiCl at
450oC regardless of what the gas composition of atmosphere used for the tests. This
finding suggests that the molten salt method is not applicable to the thermodynamic
study on LSGM. In addition, the test temperature (450oC), which is based on the melting
temperature of the selected salt, does not match the SOFC operating temperature 800oC
for LSGM electrolyte. Although there might exist a suitable salt system potentially for the
present study, it may require additional intense work to pinpoint such a system. Instead,
use of the thermal analysis technique that is mature and simple to study the
thermodynamic stability of the LSGM electrolyte at a certain temperature and
atmosphere would provide valuable information. This part of work will be reported in next
month.



25

References

                                                
1 H. Yahiro, Y. Baba, Y, Eguchi, K. Eguchi, and H. Arai, J. Appl. Electrochem., 18 527
(1988)
2 H. Yahiro, Y. Baba, K. Eguchi, and H. Arai, J. Electrochem. Soc., 135 2077 (1988)
3 K. Mehta, S. J. Hong, J. F. Fue and A. Virkar, Proc. 3rd intl. Symp. SOFC, S. C.
Singhal, H. Iwahara eds., Electrochemical Society, 1993, p 92
4 N. M. Sammes, G. Tompsett, and Z. Cai, 11th Intl. Conf. Solid State Ionics, Honolulu,
1997
5 H. Yahiro, K. Eguchi, and H. Arai, Solid State Ionics, 36 71 (1989)
6 R. A. Mohan Ram, L. Ganapathi, P. Ganguly, et al, J. Solid State Chem., 63 139 (1986)
7 T. Ishihara H. Matsuda, Y. Takita, J. Am. Chem. Soc., 116 301 (1994)
8 M. Feng and J. B. Goodenough, Eur. J. Solid State Inorg. Chem., 31 663 (1994)
9 J. B. Goodenough, J. E. Ruitz-Diaz, Y. S. Zhen, Solid State Ionics, 44 21 (1990)
10 T. Ishihara H. Matsuda, Y. Mizuhara, and Y. Takita, Solid State Ionics, 70/71 234
(1994)
11 Y. Takeda, N. Imanishi, R. Kanno, T. Mizuno, H. Higuchi, O. Yamamoto, and M.
Takano, Solid State Ionics, 53-56 748 (1992)
12 R. L. Cook, J. J. Osborne, J. H. White, et al, J. Electrochem. Soc., 139 L19 (1992)
13 F. W. Poulsen, N. van der Puil, Solid State Ionics, 53-56 777 (1992)
14 K. Huang, R. Tichy, and J. B. Goodenough, J. Am. Ceram. Soc., 81 2565 (1998)
15 K. Huang, R. Tichy and J. B. Goodenough,  J. Am. Ceram. Soc., 81 2581 (1998)
16 S. B. Alder, Solid State Ionics, 111 125 (1998)
17 C. W. Tanner, K. Z. Fung, and A. V. Virkar, J. Electrochem. Soc., 144 21 (1997)
18 S. B. Aldler, J. A. Lane and B. C. H. Steele, J. Electrochem. Soc., 143 3554 (1996)
19 K. Huang, M. Schreoder, and J. B. Goodenough, Ceramic Sensor II, Electrochemical
Society Porceedings Vol 99-13, p 95, 1999
20 Y. Teraoke, T. Nobunaga and N. Yamazoe, Chem. Lett., 503 (1988)
21 L. W. Tai, M. M. Nasrallah, H. U. Anderson, D. M. Sparlin, and S. R. Sehlin,  Solid
State Ionics, 76 259 (1995)
22 L. W. Tai, M. M. Nasrallah, H. U. Anderson, D. M. Sparlin, and S. R. Sehlin, Solid
State Ionics, 76 273 (1995)
23 K. Huang, H. Y. Lee and J. B. Goodenough, J. Electrochem. Soc., 145 3220 (1998)
24 E. Perry Murray, T. Tsai and S. A. Barnett, Nature, 400 649 (1999)
25 O. A. Marina, C. Bagger, S. Primdahl, M. Mogensen, Solid State Ionics, 123 199
(1999)
26 A. Trovarelli, Catal. Rev. Sci. Eng. 38 439 (1996)


