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Abstract In this study, we investigated the thermody-
namics and experimental performance of Al, Zr, and Ce
species under anode and cathode gas conditions in Li/K
carbonate at 650 °C. Among the Al, Zr, and Ce species
investigated, we found that lithium aluminate (LiAlO,),
lithium zirconate (Li,ZrO3), and cerium/ceria oxide (CeO,)
were the most stable materials. Experimentally, we per-
formed immersion tests in molten (Lige/Kg35),CO5 at
650 °C to evaluate the phase and microstructure stabilities
of these materials. The y-LiAlO, phase transformation,
determined using X-ray diffractometry, was dependent on
the immersion time. We performed similar measurements
for a-LiAlO,, Li,ZrO;, and CeO, materials in molten Li/K
carbonate at 650 °C. From immersion tests, the presence of
the a-LiAlO, phase revealed that phase transformation of
7-LiAlO, occurs in Li/K carbonate melts under cathode gas
atmospheres; in contrast, no phase transformation was
evident after immersion of the pure «-LiAlO, phase in
molten carbonate for 5,000 h. Furthermore, we found that
Li,ZrO; and CeO, were stable phases after immersion in
molten carbonate at 650 °C, under both anode and cathode
gas atmospheres, for more than 5,000 h.
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Introduction

Molten carbonate fuel cells (MCFCs) are stationary power
systems that have attracted wide attention for commer-
cialization worldwide. This technology provides fuel cell
systems with an environmentally clean source of power
generation in high efficiency and with pollution-free
operation [1]. One of the key issues affecting the lifetime
and durability of MCFCs is the thermodynamic stability of
the components materials.

Lithium aluminate (LiAlO,) is widely used as the
matrix material in MCFCs because it has a relatively
good susceptibility for retaining the electrolyte [2].
Extensive research has been undertaken toward the opti-
mal design and preparation of LiAlO, in different shapes
and sizes, which affect its corresponding properties and
potential applications as the MCFC matrix. Nevertheless,
LiAlO, undergoes allotropic transformations in molten
carbonate at the MCFC operating temperature of 650 °C.
Indeed, the poor phase stability, particle growth, increased
pore size, and solubility of lithium aluminates under cell
operation conditions can all decrease the MCFC service
life (<40,000 h). Much attention has been paid recently to
the study of LiAlO, materials that undergo the y- to
o-phase transformation [3-5] and to the mechanism of
particle growth, which originates through dissolution and
precipitation under cell operating conditions [6-8]. A
matrix featuring an increased median pore size and
reduced electrolyte retention will lead to electrolyte loss,
reactant cross-leakage, and ionic voltage loss and,
thereby, degraded performance [9-11]. It is generally
accepted that phase transformation of the y-LiAlO, matrix
occurs during cell operation at a temperature of 650 °C;
this phase transformation influences the microstructures
and properties of the matrix. It has been assumed that the
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7-LiAlO, phase is not thermodynamically stable in MCFC
environments. To eliminate the structural and chemical
weakness of using thermodynamically unstable electrolyte
matrices, it remains of great interest to find new materials
to improve or replace y-LiAlO, as the matrix.

Thermodynamic studies are very applicable to investi-
gations of the stability of molten carbonate melts and their
component materials, to obtain information regarding the
activity of oxygen and metal species. Thermochemical
calculations have been employed to establish the electro-
chemical stability domains of Li—Na and Li-K carbonates
at different temperature ranges under the anodic and
cathodic conditions used in MCFCs [12]. Much effort has
been exerted to obtain thermodynamic predictions of the
stabilities of Ni, Ti, and Ce species in Li—Na and Li-K
carbonates [13-16]. From thermodynamic studies, Chau-
vaut et al. [17, 18] reported a range of stabilities for molten
alkali carbonates, mainly with regard to oxygen and metal
species. Thermodynamic predictions on the stability of Ce
species in molten alkali carbonate melt have been sys-
tematically developed under both oxidizing and reducing
atmospheres. In all cases of Ce(IV), the CeO, form is a
stable species found in molten carbonate conditions. Nev-
ertheless, proving experimentally that CeO, is stable in
both anode and cathode environments and also in Li-K
molten carbonate at the operating temperature of 650 °C
remains to be established. As a motivation for this current
study, we noted that three species (Al, Zr, and Ce) con-
tribute to the set of potentially thermodynamically stable
matrix materials for MCFCs. There have, however, been
almost no thermodynamic studies aimed at selecting Al and
Zr species for use in molten carbonate. Very few data are
available in thermochemical tables concerning Al and Zr
compounds. In particular, no data are available for these
materials in molten alkali carbonate at 650 °C. Indeed, for
Al and Zr species, only the oxide, hydride, and carbide
species are listed in thermochemical tables.

In this study, we performed thermodynamic calculations
and experimental investigations into the applicability of
using Al, Zr, and Ce species in MCFCs. We calculated the
electrochemical and standard potentials of Al and Zr spe-
cies and their products from reactions in Li—K melts at
650 °C using the thermodynamic predictions of Chauvaut
et al. [17, 18] for Ti and Ce species. We then determined
the phase transformations and stabilities and the micro-
structural behaviors of these lithiated/oxide compounds
during immersion in Li/K carbonate at 650 °C under ano-
dic and cathodic conditions. Herein, we discuss the phase
and microstructural stabilities of the efficient matrix
materials under various conditions.
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Thermodynamic formulations

The general properties and electrochemical stability
domains of alkali molten carbonates have been fully ana-
lyzed in previous papers describing, in particular, the sta-
bility of oxygen species [12, 13], Ni [14, 15], and Ti [16]
compounds. All the calculated potentials are referred to the
Li,O/O, system (Li,O being more stable than K,O in the
mentioned eutectic) with values of a (Li,O) and P (O,) of 1
and 1 atm, respectively, with a standard potential E*(O,/
Li,O) of 0 V. As much detail is available elsewhere
[13, 16], it is unnecessary for us to discuss the concepts
here. On the basis of thermodynamic calculations [19] and
other data source [20, 21] available in the literature, the
thermodynamic behavior of the Al, Zr, and Ce species in
molten Li/K eutectic can be summarized under reducing
and oxidizing atmospheres at 650 °C. The Al, Zr, and Ce
species may exist in the melt under anodic and cathodic
conditions in the forms of hydroxides, hydrides, and alkali
and mixed oxides. Based on the thermodynamic parame-
ters, the Nernst equations as a function of the activities of
the compounds involved in the reactions, and the carbon
dioxide partial pressure, we calculated the properties of
these Al, Zr, and Ce species at 650 °C in MCFC
environments.

Example of the calculation for the Al,O3/LiAlO,
system under anodic conditions

The thermodynamic reaction occurring in the melt is
Al,O3 4+ LiCO; 4+ 2H,0 = 2LiAlO, + CO, + 2H, (1)

The corresponding standard free enthalpies of reaction (1)
can be calculated as follows:

A,G° = 2A,G°(LiAIO,) 4 A,G°(CO,) — A,G°(ALO5)
— A,G°(Li,CO3) — 2A,G° (H,0), (2)

where A,G°(LiAlO,) = —1961.386 kJ/mol at 650 °C,
A,G°(CO,) = —395.782 kJ/mol at 650 °C, A,G°(Al,
03) = —1368.532 kJ/mol at 650 °C, A,G°(Li,CO3) =
95.922 kJ/KkJ at 650 °C, and A,G°(H,0) = —196.828 kJ/
mol at 650 °C.

We calculated, the standard potential of reaction (2) by
using following equation:

B AG°
~ nF

)

(3)

For anodic conditions, the corresponding Nernst equation
is
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E—E° +23~ <pog x 2t ) 4238 0g(coy) 4y NG =2AGLIAIG) + AGH(CO,)
2F Pu,0 4F — A,G°(ALL,03) — A,G°(Li,CO3) (8)

Therefore, the electrochemical potential of reaction (2),
determined using the Nernst equation, is
E=F

RT_  a(LiAlO,) x P(CO,) x P(Hy)*xP(0O,)

+23—lo
2F ¢ a(Li,CO3) x a(Li,0)* x P(H,0)?

)

(5)
. RT
E=E + 2.3ﬁ(2pKd * +31og P(COy))
(AG°)(H:0) . _RT. a(LiAlO,)
WO D) | 9 30 jog B8 Z2) 6
TV TN N) (6)
where A,G°(H,0) = 2.3RT log| (PO} x PH, ) / PH,0.

The cathodic conditions, the usual cathode atmosphere
is constituted by a mixture of CO, (0.3 atm) and air
(0.7 atm). In this case, the oxidizing agent is O,.

Example of the calculation for the Al,03/LiAlO,
system under cathodic conditions

The thermodynamic reaction occurring in the melt is
1
Al,O5 + Li,CO3 + 502 = 2LiAlO; + CO, (7)

The corresponding standard free enthalpies of reaction (7)
can be calculated as follows:

Also, the standard potential of reaction (7) by using Eq. 3,
and the following equation for cathodic conditions, the
corresponding Nernst equation is
RT RT
E=E° —23—pCO, +2.3—log(O 9
5 PCO2 +2.3 7 10g(02) )

Therefore, the electrochemical potential of the reaction (7),
obtained using the Nernst equation, is

RT,  a(LiAlOy)

RT
E=E 23 pKy*+2.3 an2)
eI p PRSI0, c0,)

RT
+23 Flog P(CO,) (10)
Tables 1, 2, 3 provide the electrochemical and standard
potentials of selected Al, Zr, and Ce species, respectively,
under anodic and cathodic conditions. For the Al, Zr, and
Ce species, the anode gas atmospheres were calculated
using values of P(H,/O,/H,O) of 0.8:0.001:0.12 and
different values of P(CO,) (0.1, 0.01, 0.001, 0.0001); the
cathode gas atmospheres were calculated using different
values of P(O,) (0.1, 0.3, 0.5, 0.7) and P(CO,) (0.9, 0.7,
0.5, 0.3); see Figs. 1, 2, 3, respectively. Nernst equations
under both anodic and cathodic conditions were established
at 650 °C. According to thermodynamic calculations, when
measuring the stability of species under anodic condi-
tions, low electrochemical values (E) represent reducing

Table 1 The detail values of

the electrochemical and SpeCTes in E° (V) E '(V) Spec%gs in cathodic E° (V) E '(V)
. anodic conditions (Li-K) conditions (Li—K)

standard potentials of selected

aluminum species in Li-Kmelts 737410 —3.2931 —3.2611 AIC/ALO ~3.2931 ~1.2975

at 650 °C in anodic and . .

cathodic conditions AIC/LiAlO, —2.0706 —1.4716 AIC/LiAlO, —2.0706 —1.1196
Al,O/LiAlO, —1.6357 —1.0367 Al,O/LiAlO, —1.6357 —0.6847
Al,05/LiAlO, 0.4886 0.5501 Al,05/LiAlO, 0.4886 —0.6511
Li,O/LiAlO, —0.3193 0.2796 Li,O/LiAlO, —0.3193 0.6316
Al,O/Al,O5 —3.1736 —3.1416 Al,0O/Al,O3 —3.1736 —2.7886

Table 2 The detail values of Species in E° (V) E (V) Species in cathodic E° (V) E (V)

the electrochemical and . ... . . .

. anodic conditions (Li-K) conditions (Li-K)

standard potentials of selected

Zirconium species in Li-K Z1C/Z10 —0.6672 —3.1887 7xC/Zx0 —0.6672 —0.2822

melts at 650 °C in anodic and . .

cathodic conditions ZrC/Li,ZrO4 —1.9244 —1.3254 ZrC/Li,ZrO4 —1.9244 —0.9734
ZrH,/ZrO 0.2786 0.3105 ZrH/ZrO 0.2786 0.6635
ZrO/ZrO, —2.0595 —2.0275 ZrO/ZrO, —2.0595 —1.6745
ZrO/Li,ZrO3 —1.5908 —0.9918 ZrO/Li,ZrO3 —1.5908 —0.6398
ZrC/ZrH, —0.9458 —0.9138 ZrC/ZrH, —0.9458 —0.5608
Zr0,/Li,ZrO3 —0.5611 0.0378 Zr0,/Li,ZrO5 —0.5611 0.3898
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Table 3 The detail values of the electrochemical and standard potentials of selected Cerium species in Li-K melts at 650 °C in anodic and

cathodic conditions

Species in E° (V) E (V) Species in cathodic E° (V) E (V) Ref.
anodic conditions (Li-K) conditions (Li-K)

Ce/CeO, —2.322 —2.3539 Ce/CeO, —2.322 —1.9982 [6]
Ce/Ce,04 —2.649 —2.6809 Ce/Ce,05 —2.649 —2.3252 [6]

environments while high values represent oxidizing envi-
ronments. For cathodic conditions, high electrochemical
values represent oxidizing environments while low values
represent reducing environments.

Our calculations suggested that LiAlO, would be the
only stable Al species under the studied conditions.
Moreover, in molten Li/K melts under anodic and cathodic
conditions, metallic Al disproportionates into Al,O and
Al,O5 species, which are not stable and are transformed
into LiAlO,, as indicated in Fig. 1a, b. Likewise, Li,ZrO3
would be the only stable Zr species under the studied
conditions. Under both anodic and cathodic conditions,
metallic Zr disproportionates into hydride, ZrO, and ZrO,
species, which are not stable and are transformed into
Li,ZrO3, as indicated in Fig. 2a, b. Also, CeO, would be
the only stable Ce species under anodic and cathodic
conditions, as indicated in Fig. 3a, b. Nevertheless, we
required experimental evidence, by means of immersion
tests, to confirm the thermodynamic stability of these
species (LiAlO,, Li,ZrO3, and CeQ,) in alkali carbonate
melts at 650 °C.

Materials and experimental procedures

Lithium aluminates (o-10 and y-HAS-10 for LiAlO,,
Cyprus Foote, USA), lithium zirconate (Li,ZrO; Alfa
Aesar, USA), and cerium oxide (CeO,, Alfa Aesar, USA)
were tested in this present study. The physical properties of
the as-received commercial materials are listed in Table 4.
Eutectic mixtures of alkali metal carbonates (62 mol%
Li,CO3/38 mol% K,COs, anhydrous reagents; Junsei,
Japan) were used. The phase and microstructures stabilities
of these materials in molten (Lig ¢,/Kg 33),CO5; melts were
investigated under anode and cathode gas atmospheres
through immersion tests. Figure 4 depicts the immersion
tests, performed a using a home-built hot-pot system, at a
temperature of 650 °C in an alumina crucible that con-
tained the as-received powders in a mixture with molten
(Lig.62/K38)2CO3 melts. In these experiments, the anode
atmosphere was a mixture of 72% H,, 18% CO,, and 10%
N,; the cathode atmosphere was a mixture of 33% CO, and
67% air. The gas was bubbled into the crucible at a flow
rate of 10 mL/min. Under an anode or cathode gas

Fig. 1 Electrochemical 3 o [
potential of Al species as (8) Alspociesii(-AD 2:2:3:?0
function of different partial 2 . 4 OfLimc;
pressure of carbon dioxide in = I
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Li-K melts at 650 °C under T e &Ll R
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Fig. 2 Electrochemical 2 T
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environment, each immersion test was performed for a
selected duration (>5,000 h). At the end of this time, to
extract the carbonate melts, the powders were washed
sequentially with mixture of glacial acetic acid and acetic
anhydride and followed by ethanol wash dried in an oven,

-log P(CO,)

and then analyzed for textural and physical characteriza-
tion. X-ray diffraction (XRD, Rigaku RINT-5200) and
scanning electron microscopy (SEM, Philips XL30 ESEM)
were used to identify the phases and microstructural sta-
bilities, respectively, of the materials during exposure to
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Table 4 Physical properties of

. . . Materials Crystalline Average particle Specific surface
the as-received materials used in phase size (um) area (m® g~ 1)
this work _ _

y-LiAlO, Tetragonal 1 10
o-LiAlO, Hexagonal 1 10
Li»ZrO5 Monoclinic 100 250
CeO, Cubic 5 230
+——— Thermocouple n
Gasin put gi £L-4-LIAIO,
) A-o-LIAIO,
f——> Gasin output A ;
Fa'ay
[Tl
s A fn
- A
o o >|© 4 | 22 a AR A A
® !|> Alumina tube @
o) 3
o 0 t
0 «— Heater - (h) l 1 : ‘
[ (0]
B @]
o] N N Chamb | ‘
° amber @ ___ LN o b
. P ; Ll L T ixd T 4 L . T ' 1 o T ¥
] ° Alumina crucible 10 20 30 40 50 60 70 80 90
(=] Ol —s ple & Electrolyte 2 theta (deg ree}
O
[e) Fig. 5 XRD patterns of y-LiAlO, immersion in molten (Lig /K¢ 38)2
00000000 carbonate melts at 650 °C under cathode gas atmospheres, (a) initial,

Fig. 4 Schematic diagram of Hot-pot system for immersion test

Li/K carbonate melts under MCFC conditions. The surface
areas of these materials were measured using BET equip-
ment (Gemini 2375, Micromeritics, USA).

Results and discussion
Phase stability

First, we investigated the influence of molten Li/K car-
bonate at 650 °C on the phase stabilities of the as-received
powders. Figure 5 compares the XRD patterns of the
as-received y-LiAlO, powder and after the sample obtained
after immersion in molten carbonate at 650 °C under
cathode gas atmospheres for 2,000 and 5,000 h. We
observe the crystalline phase of a-LiAlO,, revealing that
the y-LiAlO, phase transformation occurred in molten
carbonate at 650 °C under cathode gas atmospheres. The
o-LiAlO, phase appeared after performing the immersion
test for 2,000 h (Fig. 5b) and was much better defined after
5,000 h (Fig. 5¢). Notably, the diffraction peaks of the
y-phase narrowed and their intensity decreased greatly after
an immersion time of 2,000 h. Increasing the immersion

@ Springer

(b) 2,000, and (c) 5,000 h duration

time to 5,000 h caused the intensity of the a-LiAlO, peaks
to increase at the expense of those of y-LiAlO,. Thus, the
formation of the o-LiAlO, phase accelerated upon
increasing the immersion time. Thus, we conclude that the
7-LiAlO, phase transformation occurred during the 5,000-h
immersion test under cathode gas atmospheres.

Figure 6 displays XRD patterns of the as-received
o-LiAlO, and the sample obtained after immersion in
molten carbonate at 650 °C under cathode gas atmosphere.
We found that the o-LiAlO, phase was stable in molten
Li/K carbonate during this immersion test performed for
2,000 h (Fig. 6b) and did not transform to any other phase,
even after 5,000 h (Fig. 6¢). Thus, no reversible phase
transformation occurred during these immersion tests.
Thus, the crystalline phase of o-LiAlO, is stable and
remains unchanged during the 5,000-h immersion test. In
several studies, LiAlO, has been observed to transform into
the y-phase, followed by growth of a new a-phase [3—7]. In
this study, we also observed transformation of the y-LiAlO,
phase. The rate of transformation of LiAlO, phases
depends on the immersion time in Li/K melts as well as the
gas atmosphere and temperature. It has been assumed that
the y-phase is stable at high temperatures (>650 °C) under
low partial pressures of CO, and that the o-phase is stable
at low temperatures (<650 °C) under high partial pressures
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Fig. 6 XRD patterns of a-LiAlO, immersion in molten (Lig /Ko 38)2
carbonate melts at 650 °C under cathode gas atmospheres, (a) initial,
(b) 2,000, and (c) 5,000 h duration

of CO, [22-25]. During the immersion process, the trans-
formation of the y-phase to the a-phase becomes the rate-
determining step and, therefore, the temperature has a
significant impact. Nevertheless, we have found that the
o-to-y phase transformation does not occur at 650 °C under
an atmosphere of 30% CO, and 70% air.

Figure 7 shows XRD patterns of the as-received
Li,ZrO; powder and the samples obtained after immersion
in molten (Lig ¢>/Kg.353),CO3 melts at 650 °C for different
periods of time under anode (Fig. 7a) and cathode (Fig. 7b)
gas atmospheres. All of the peaks correspond to the crys-
talline monoclinic phase of Li,ZrO; (JCPDS-ICDD PDF-2
# 33-0843), with the intensities matching those of the

(a) *—m—Li22r03

after 5000 h

jt'f}u 1*].___,LLI.*| **%fg?‘mi 5 **%b* *

i after 2000 h
i

1 VLY SR T | N —

J[wu—ULIJLWM'MJJMMﬂ

*k-m-LisZrOq

Intensity (a.u)

after 5000 h

*ﬁ* *
[ ‘ Tl e b oom k% o
.| i | after 2000 h

...u..___.; PR FRCTTION TR Y e b

I u_uu

A AN A
T — T 7

10 20 30 50 60 70 80 90
2 theta, degree

Fig. 7 XRD patterns of Li,ZrO; material immersion in molten
(Lig.62/Ko.38)> carbonate melts at 650 °C under (a) anodic conditions
after 2,000 and 5,000 h duration; (b) cathodic conditions after 2,000
and 5,000 h duration

powder diffraction data very well. We observe no evidence
for the formation of other phases in the molten carbonate
under either gas atmosphere for the immersion tests per-
formed for up to 5,000 h duration. Thus, we conclude that
undergoes no chemical reactions with molten Li—K car-
bonate melts not structural change under reducing or oxi-
dizing atmospheres. Indeed, Li,ZrO; remained in its
original monoclinic phase with no substantial change in
weight after immersion for over 5,000 h.

Figure 8 shows XRD patterns of the as-received CeO,
powders and the samples obtained after immersion in
molten (Lig /K 35)2CO3; melts at 650 °C for different
lengths of time under anode and cathode gas atmospheres.
All of the peaks correspond to those of the cubic crystalline
phase of CeO, (JCPDS-ICDD PDF-2 # 43-802); the signal
intensities match those of the powder diffraction data very
well. We observed no evidence of any reactions between
CeO, and the molten carbonate at 650 °C under MCFC
conditions in immersion tests performed for up to 5,000 h;
indeed, only the peaks of CeO, were present. Thus, we
conclude that no reduction phenomena occurred for the
CeO, particles exposed to the molten carbonate under the
reducing atmosphere during the 5,000-h immersion test;
similarly, we conclude that no other oxide formed from
CeO,; under the oxidizing atmospheres during the 5,000-h
immersion test.

Microstructural behavior
We used SEM to characterize the surface morphologies

of the as-received materials before and after their immer-
sion in Li/K at 650 °C. Figure 9 shows the surface

*

(a) *-CeO,

* *

*
¥* *
r * *
after 5000 h | h | b l—
g i, i | | [ L a0 b
3 [perenes | S P VU {
-3 h' T » *_[ * T , Ll . T - Ll * T

S (b) & *-CeO,

£ *

*

* * U‘ I

I} A

ek e Nk ook
| ) l k L

T T Y T T T T T T Y T ¥ T T

10 20 30 40 50 60 70 80 90

2 theta, degree

after 5000 h J

after 2000 h

T
|
As-received LJ.

Fig. 8 XRD patterns of CeO, material immersion in molten (Lig ¢,/
Ko38)» carbonate melts at 650 °C under (a) anodic conditions after
2,000 and 5,000 h duration; (b) cathodic conditions after 2,000 and
5,000 h duration
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Fig. 9 Surface morphology of y-LiAlO, immersion in molten (Lig g5/
Ko.38)> carbonate melts at 650 °C under cathode gas atmospheres,
(a) initial, (b) 2,000, and (c) 5,000 h duration

morphologies of the y-LiAlO, powder after immersion in
molten carbonate under the cathode gas atmosphere for up
to 5,000 h. The SEM images reveal that the y-LiAlO,
surface became smoother upon increasing the immersion
time, compared with that of the as-received powder
(Fig. 9a). An immersion time of only 2,000 h had a con-
siderable influence on the microstructure evolution. The
morphology of the y-LiAlO, powder indicates that the
particle growth occurred mainly as a result of a transfor-
mation process during the 2,000-h immersion test
(Fig. 9b). The grain size of y-LiAlO, increased slightly
upon prolonging the immersion time up to 5,000 h
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(Fig. 9¢). Notably, this kind of y-LiAlO, particle growth is
associated with a transformation that results in a decrease
in the specific surface area (Table 5). Such a morphological
transformation occurring for y-LiAlO, powder in a hot-pot
system suggests that similar results would also be expected
in MCFC single cell/stack systems.

The microstructure of «-LiAlO, prior to the test was
almost same as that of LiAlO,. Figure 10b indicates that
the particles were well defined and no significant change in
the particle/grain size occurred after performing the
immersion test for 2,000 h. Indeed, the a-LiAlO, particle
size remained constant and the microstructure do not
change upon extending the immersion test duration up to
5,000 h (Fig. 10c). We did, however, observe a decreasing
in surface area when the immersion test was performed for
more than 5,000 h (Table 5). Consequently, we consider
«-LiAlO, to be stable in molten carbonate because its
crystalline phase and microstructure did not change during
the 5,000-h immersion test.

Figures 11 and 12 display the microstructural behavior
of the Li»ZrO3; material after immersion in molten (Lig ¢/
Ko 38)>CO3 melts at 650 °C under the anode and cathode
gas atmospheres, respectively. The average size of the
as-received particles was 100 pm. The particle size
remained constant and the microstructure did not change
when these immersion tests were performed for more than
5,000 h under either atmosphere, suggesting the existence
of a monoclinic structure. Indeed, the SEM images of
Li,ZrO; samples obtained after immersion for 5,000 h
were very close to those of the initial powder. The surface
area of the monoclinic Li,ZrO; decreased slightly to a
constant value (250 m? g~') after we performed the
immersion test for 5,000 h (Table 5). The tendency of the
surface area to change slightly indicates that particle size
growth was not accelerated during the immersion process
under either the anode and cathode gas atmospheres. Thus,
monoclinic Li,ZrO; maintained its specific surface area in
molten Li/K carbonate; we expect it to exhibit an excellent
stability and morphology under MCFC conditions.

Figure 13 displays the surface morphologies of the
CeO, powder exposed to the carbonate melt under anode
gas conditions. The surface of the pure CeO, sample
became smoother, along with particle growth, during the
first 2,000 h of the immersion test (Fig. 13b); immersion
for 5,000 h caused the CeO, particle size to increase
further (Fig. 13c). Figure 14 shows the surface morphol-
ogies of the CeO, sample after immersion in molten
carbonate under the cathode gas atmosphere. After
2,000 h (Fig. 14b), the size of the CeO, particles had
begun to increase; after 5,000 h of immersion (Fig. 14c),
they had almost doubled in size. The growth of the CeO,
particles was, however, faster in Li/K carbonate melt
under the anode gas atmosphere than under the cathode
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Table S Specific surface area of as-received materials exposure in molten carbonate at 650 °C

Materials Surface area (m? g_l) in MCFC environments
Oxidizing atmospheres (CO,/air) Reducing atmospheres (H,/CO,/N,)
Initial After 2,000 h After 5,000 h After 2,000 h After 5,000 h
y-LiAlO, 10 5.10 2.8 - -
o-LiAlO, 10 4.35 1.10 - -
Li,ZrO5 250 245 243 241 238
CeO, 230 217.3 192.4 196.3 180.6

Fig. 10 Surface morphology of o-LiAlO, immersion in molten Fig. 11 Surface morphology of Li,ZrO; immersion in molten (Lig g5/
(Lig 62/Ko.38)> carbonate melts at 650 °C under cathode gas atmo- Ko.38)> carbonate melts at 650 °C under anode gas atmospheres,
spheres, (a) initial, (b) 2,000, and (¢) 5,000 h duration (a) initial, (b) 2,000, and (c¢) 5,000 h duration
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Fig. 12 Surface morphology of Li,ZrO; immersion in molten (Lig g5/
Ko.38)> carbonate melts at 650 °C under cathode gas atmospheres,
(a) initial, (b) 2,000, and (c¢) 5,000 h duration

gas atmosphere. We believe that the pure CeO, particle
growth was due to the liquid phase sintering process
during exposure to the molten carbonate at 650 °C. The
tendency of the surface area to decrease (Table 5) also
indicates that particle growth of CeO, occurred under
both anode and cathode conditions. The rate of decrease
of the surface area of the CeO, particles was faster under
the anode gas conditions than it was under the cathode
gas conditions.
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Fig. 13 Surface morphology of CeO, immersion in molten (Lig g5/
Ko.38)> carbonate melts at 650 °C under anode gas atmospheres,
(a) initial, (b) 2,000, and (c¢) 5,000 h duration

Conclusions

In this study, we investigated the phase behavior and
microstructural stabilities of various materials when sub-
jected to molten Li/K carbonate. In addition, we deter-
mined the effects of the gas atmosphere on the growth and
phase transformations of these particles during immersion
tests. We observed accelerated transformation and particle
growth of y-LiAlO, in Li/K melts at 650 °C under typical
cathode gas atmospheres for immersion tests performed for
up to 5,000 h. In contrast, the a-LiAlO, phase did not
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Fig. 14 Surface morphology of CeO, immersion in molten (Lig g,/
Ko.38)> carbonate melts at 650 °C under cathode gas atmospheres,
(a) initial, (b) 2,000, and (c) 5,000 h duration

undergo transformation to the y-LiAlO, phase in Li/K
melts at 650 °C during immersion tests performed for up to
5,000 h. Phase stability studies revealed that the «-LiAlO,
phase is more stable than the y-LiAlO, phase at 650 °C
when immersed in the molten carbonate for more than
5,000 h. The phases and microstructures of Li,ZrO; and
CeO, materials remained unchanged after immersion in
molten (Lig /Ko 38)2CO3; melts at 650 °C under typical
MCEFC environments (anode or cathode gas conditions).
XRD patterns revealed the phase stability of both Li,ZrO5
and CeO, in (Lige/Kp35)2CO3; melts; we observed no
evidence for phase transformations or secondary phases

under either anode or cathode gas conditions when we
performed the immersion tests for durations of more than
5,000 h. Thus, Li,ZrO3; and CeO, materials appear to be
chemically stable under MCFC environments. In the CeO,
immersion test, the main influence on the microstructure
was that the rate of particle growth was faster under the
anode gas conditions than under the cathode gas
conditions.
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