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Phase and microstructure stabilities of LiAlO2 in molten Li/Na
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Abstract

The phase and microstructure stabilities of LiAlO2 for improving the matrix reliability of molten carbonate fuel cells are investigated.
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he phase transformation and particle growth of LiAlO2 are examined via immersion tests of pure�-LiAlO 2,an�-/�-LiAlO 2 mixture and
ure�-LiAlO 2 in molten carbonate at 650◦C in an air atmosphere. Dissolution of Li+ ions occurs mainly from�-LiAlO 2 over an 18 000
eriod, and the dissolved Li+ ions precipitate as LiNaCO3 and�-LiAlO 2. Particle growth takes place continuously from an early stag
eat-treatment and quickly progresses by the accelerated dissolution and precipitation of Li+ ions after 10 000 h. By contrast, the parti
ize and the crystalline phase of�-LiAlO 2 do not change during 3000 h of immersion. These results show that�-LiAlO 2 is less soluble tha
-LiAlO 2 and is more stable in molten carbonate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The electrolyte matrix of the molten carbonate fuel cell
MCFC) is used for electronic insulation and ionic (CO3

2−)
ommunication between the electrodes. In a porous plate
anufactured from LiAlO2 powder, the electrolyte matrix

s comprised of the molten carbonate, which is solid at room
emperature and paste-like at the operation temperature of
50◦C. The performance of the unit cell is affected mainly
y the amount of molten carbonate in the matrix[1]. The elec-

rolyte matrix is required to have, high porosity (50–70%) and
sharp pore-size distribution (0.1–0.3�m) for stable elec-

rolyte retention by capillary action.
The molten carbonate is so corrosive at the high tempera-

ure of 650◦C that the degradation of the cell components
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can easily occur. Pore coarsening of the matrix by p
cle growth and phase transformation of LiAlO2 is the main
reason for electrolyte depletion[2]. To date,�-LiAlO 2 is
used for MCFC matrix materials due to its high corros
resistance to molten carbonate electrolytes, and reinf
ment with rod-shaped�-LiAlO 2 particles has been propos
for elimination of the structural and chemical weaknes
MCFC electrolyte matrices[3–8]. In recent years, however
has been observed that�-LiAlO 2 undergoes particle growt
and that the crystal phase of LiAlO2 in the matrix is trans
formed from�-LiAlO 2 to�-LiAlO 2 during MCFC operatio
[9,10].

The current study examines the long-term stability
LiAlO 2 in molten carbonate at 650◦C in an air atmosphe
for up to 18 000 h. Observation are made of the elu
and the dissolution of LiAlO2 and a possible explanati
is given for the particle growth and phase transformatio
LiAlO 2.
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2. Experimental

The microstrcuture change and phase transformation
of LiAlO 2 were investigated by immersion tests. Two
allotropes of LiAlO2 were used, namely:�-LiAlO 2
(Cyprus Foot Mineral Co. Ltd., surface area = 10 m2 g−1,
density = 3.40 g cm−3) and �-LiAlO 2 (HAS-10, Cyprus
Foot Mineral Co. Ltd., surface area = 10 m2 g−1, den-
sity = 2.61 g cm−3). �-LiAlO 2 was excluded because it had
been reported that the material is unstable in molten carbon-
ate[1,2]. The carbonate mixture, which melts at 650◦C via
an eutectic reaction, was prepared from, Li2/Na2CO3 = 52/48
molar ratio. The immersion tests were performed in an air at-
mosphere at selected times over a 18 000 h period at 650◦C
in alumina crucibles that contained pure�-LiAlO 2, or an�-
/�-LiAlO 2 mixture with molten carbonate. The stability of
pure�-LiAlO 2 over 3000 h was also estimated by the same
method. Sample washing and examination was performed at
selected times: namely: initially and then, 200, 500, 1000,
2000, and 3000 h. Each specimen was prepared by elimi-
nating the residual molten carbonate in LiAlO2 with a wash-
ing solution (1:1:2 = acetic acid:acetic anhydride:methanol in
molar ratio) and then dried.

The crystalline phases of LiAlO2 were analyzed by X-ray
diffractometry (Rint 2700, Rigaku Co., Tokyo, Japan). The
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particle growth and surface-area variation of each specimen
were measured by a dynamic laser scattering (DLS) method
using a particle-size analyzer (Par III, Otsuka Electronics Co.,
Japan) and BET equipment (Gemini 2375, Micromeritics,
USA), respectively. The microstructure changes of the speci-
men were observed by scanning electron microscopy (S4200,
Hitachi, Ltd., Tokyo, Japan).

3. Results

3.1. Crystalline phase change of LiAlO2

The crystalline phase of pure�-LiAlO 2 in molten carbon-
ate (Li2/Na2CO3) at 650◦C in an air atmosphere is given in
Fig. 1. The elution of LiNaCO3 takes place during the early
stage of heat-treatment, but the phase transformation of�-
LiAlO 2 does not occur during 18 000 h. A comparison of the
phase stability of�-LiAlO 2 and�-LiAlO 2 from an immersion
test of an�-/�-LiAlO 2 mixture in molten carbonate at 650◦C
in an air atmosphere is given inFig. 2. With the passage of
the time, the XRD data show that large amounts of LiNaCO3
are precipitated out, and the intensity of�-LiAlO 2 decreases
gradually. By contrast, the crystalline phase of�-LiAlO 2 is
stable and remains unchanged during the heat-treatment time.
ig. 1. XRD patterns for�-LiAlO 2 particles treated with molten carbonate at
50◦C: (a) initial, (b) 3000, (c) 7000, (d) 11 000, (e) 14 000 and (f) 18 000 h.
�): �-LiAlO 2; (©): LiNaCO3.
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ig. 2. XRD patterns for�-/�-LiAlO 2 mixture (1:1) treated with molten
arbonate at 650◦C: (a) initial, (b) 3000, (c) 7000, (d) 11 000, (e) 14 000,
nd (f) 18 000 h. (�:): �-LiAlO 2; (�): �-LiAlO 2; (©): LiNaCO3.
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Fig. 3. Variation with heat-treatment time of the relative intensity ratio of for
�-LiAlO 2 over �-LiAlO 2 from an�-/�-LiAlO 2 mixture (1:1) treated with
molten carbonate at 650◦C.

These phenomena are analyzed quantitatively inFig. 3, which
shows the relative intensity ratio of�-LiAlO 2 over�-LiAlO 2
from XRD analysis of the�-/�-LiAlO 2 mixture with heat-
treatment time. The ratio gradually increases up to 10 000 h
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Fig. 5. Particle size variations of LiAlO2 treated with molten carbonate at
650◦C as a function of heat-treatment time.

and then suddenly accelerates. Pure�-LiAlO 2, as depicted
in Fig. 4, is very stable in the molten carbonate after 3000 h,
and it is worth noting that there is no elution of LiNaCO3 as
is seen for pure�-LiAlO 2 and an�-/�-LiALO 2 mixture.

3.2. Particle growth of LiAlO2

Variation of the particle size of pure�-LiAlO 2 and an�-
/�-LiAlO 2 mixture with heat-treatment time is given inFig. 5.
The particle size of each specimen increases gradually up to
ig. 4. XRD patterns for pure�-LiAlO 2 treated with molten carbonate at
50◦C: (a) initial, (b) 200, (c) 500, (d) 2000 and (e) 3000 h.
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ig. 6. Variation of surface area of LiAlO2 treated with molten carbonate
50◦C as a function of treatment time.
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Fig. 7. Microstructure variations of pure�-LiAlO 2 treated with molten carbonate at 650◦C: (a) initial, (b) 3000, (c) 7000, (d) 9000, (e) 11 000 and (f) 14 000 h.

Fig. 8. Microstructure variations of�-/�-LiAlO 2 mixture treated with molten carbonate at 650◦C: (a) initial, (b) 3000, (c) 7000, (d) 9000, (e) 11 000 and (f)
14 000 h.

Fig. 9. Particle size variations of�-LiAlO 2 treated with molten carbonate
at 650◦C as a function of treatment time.

10 000 h and then rapidly there after. The specific surface-
area of each sample decreases to an undetectable value after
10 000 h (seeFig. 6) when suddenly the particle growth rate
of �-/�-LiAlO 2 becomes greater than that of�-LiAlO 2. The
scanning electron micrographs inFigs. 7 and 8show that the
particles grow continuously and that their surfaces become
smoother with heat-treatment time. In the case of pure�-
LiAlO 2, however, the particle size is maintained at a constant
value (1�m), and the microstructure does not change during
the 3000 h immersion test (Figs. 9 and 10). The surface area
decreases in the initial stages of heat-treatment and decreases
to almost zero after 500 h (Fig. 11).

4. Discussion

The stability of LiAlO2 has been investigated by means of
immersion tests of pure�-LiAlO 2, an�-/�-LiAlO 2 mixture,
and pure�-LiAlO 2. Reasonable explanations for the phase
transformation and particle growth of LiAlO2 are presented
by the analysis of 18 000 h of experiments.

The phase stability of LiAlO2 in molten carbonate at the
MCFC operation temperature (650◦C) is generally evaluated
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Fig. 10. Microstructure variations of�-LiAlO 2 mixture treated with molten carbonate at 650◦C: (a) initial, (b) 200, (c) 500, (d) 1000, (e) 2000 and (f)
3000 h.

by the phase transformation and solubility of LiAlO2. Though
LiAlO 2 is known to undergo an allotropic transformation in
molten carbonate at around 650◦C [2,10], the phenomena
has not been observed in the present study. This due to of
the kinetics that are involved in the activation for the phase
transformation. Terada et al.[1] have pointed out that Li+

ions are dissolved from LiAlO2, accordingly to the following
reaction:

LiAlO 2 + O2− → Li+ + AlO3
3− (1)

As can be seen inFigs. 1 and 2, LiNaCO3 is precipitated
out in the early stages of heat-treatment. It is also noteworthy
that the elution of LiNaCO3 does not occur in pure�-LiAlO 2
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(Fig. 4). Therefore, it is confirmed that LiNaCO3 is synthe-
sized by dissolved Li+ ions from�-LiAlO 2. The continuous
dissolution of Li+ ions from �-LiAlO 2 is accelerated after
10 000 h, and it is reflected in the relative intensity ratio of
�-LiAlO 2 over �-LiALO 2 from an immersion test of an
�-/�-LiAlO 2 mixture (Fig. 3). By contrast, the elution rate
of LiNaCO3 from pure�-LiAlO 2 (seeFig. 1) is maintained
at an almost constant value. This can be explained by the nu-
cleation and the growth of dissolved Li+ ions from LiAlO2.
The dissolved Li+ ions are thought to be used for both the
elution of LiNaCO3 and the nucleation and the growth of
LiAlO 2. Terada et al.[2] reported that the dissolved Li+

ions from�-LiAlO 2, precipitate as�-LiAlO 2, which has a
lower solubility. In the case of coexistence of�-LiAlO 2 with
�-LiAlO 2, the dissolved Li+ ions from �-LiAlO 2 can be
easily deposited as�-LiAlO 2 via heterogeneous nucleation
and growth. In this study, the dissolved Li+ ions precipitate
spontaneously as LiNaCO3 and �-LiAlO 2. Therefore, as
can be seen inFig. 2, the intensity of LiNaCO3 increases
and the intensity of�-LiAlO 2 decreases with heat-treatment
time. For pure�-LiAlO 2, however, the dissolved Li+ ions
can hardly be precipitated as�-LiAlO 2 in the absence of
stable seed crystal (�-LiAlO 2). This is simply used for
the construction of LiNaCO3. Therefore, the concentration
of Li+ ions in the molten carbonate is so high that the
dissolution of Li+ ions from the LiAlO is restricted by the
s
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ig. 11. Surface area variations of�-LiAlO 2 treated with molten carbona
t 650◦C as a function of treatment time.
2
aturation of equilibrium concentration.

It is also considered that the particle growth of LiAlO2 is
ccelerated due to the dissolution and precipitation of lith
luminate. Particles that have a large curvature or high
ility dissolve and precipitate as a stable form and have s
urface area and low solubility are preferred. Therefor
epicted inFigs. 7 and 8, the particle growth rate of an�-

�-LiAlO 2 mixture is superior to that of pure�-LiAlO 2, and
he surface of the particles is smoothed out with contin
eat-treatment time. The tendency of the surface area
rease also indicates the rate of particle growth (Fig. 6). After
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10 000 h, the particle growth of an�-/�-LiAlO 2 mixture is
faster by the accelerated dissolution and precipitation of Li+

ions as a result of a solubility difference. Consequently,�-
LiAlO 2 is considered to be stable in molten carbonate because
the crystalline phase and the microstructure do not change
during a 3 000 h immersion test. The reason why the surface
area of�-LiAlO 2 decreases immediately after heat-treatment
should be investigated.

5. Conclusions

The long-term stability of LiAlO2 in molten carbonate at
650◦C in an air atmosphere has been examined for 18 000 h.
From the early stages of heat-treatment, Li+ ions are dissolved
from�-LiAlO 2, which has a high solubility in molten carbon-
ate, and precipitated as LiNaCO3 or �-LiAlO 2 which have
low solubility. The particle growth of LiAlO2 also originates
through the dissolution and precipitation of lithium alumi-
nate. Nevertheless, the particle size, the surface area and the
crystalline phase of�-LiAlO 2 do not change during a 3000 h
immersion test. These results show that�-LiAlO 2 has low
solubility and is little decomposed in molten carbonate. It is
therefore, an appropriate material for manufacturing MCFC
matrices.
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