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Abstract

A stabilized NiO cathode was proposed and evaluated for the reduction of NiO dissolution in molten carbonate fuel cells. The NiO cathode
was stabilized by the addition of alkaline earth oxide to the cathode. The solubilities of NiQ and stabilized NiQ in alkali metal carbonate
{62Li,C0,-38K ,CO,) were measured as a function of lemperature, pCO, and pO,. The MgO content in the stabilized NiO cathode was
optimized with respect to its solubility. Haif-cell and single-cell tests were also performed to evaluate the electrochemical performance of
stabilized NiO cathode. In a long-run operation of single ceil tests with a 10% MgO-stabilized cathode, a significant reduction of Ni precipitation

was obtained.
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1. Introduction

The dissolution of lithiated NiQ cathodes has been a prob-
lem in molten carbonate fuel cclls (MCFCs) and may result
in being the major life-limiting factor. It is well-known that
lithiated NiO dissolves slowly in the electrolyte, eventually
depositing sufficient bridged grains of metallic nickel across
the cell to cause short-circuiting and to degrade cell perform-
ance {1]. To solve the NiD dissolution problem, several
possible approaches have been studied [2-4]. One of them
is to optimize the melt compusition in order to lower the
solubility of NiO in the electrolyte { 5-12]. For example, the
addition of alkaline earth carbonate to the electrolyte has been
extensively studied. However, this approach has not been
successful in extending the anode—cathode shorting time dur-
ing a ccll operation. This failure was attributed to the segre-
gation of added ionic species from the bulk electrolyte due
to the differences in ion mobility [ 131,

In this study, a stabilized NiO cathode is proposed and
evaluated in order to reduce the dissolution rate without suf-
fering any deterioration of the electrochemical activity during
the cell operation. NiO is stabilized by the addition of alkatine
earth oxide. When stabilized NiO is used as the cathode
material, alkaline earth oxide contained in the stabilized NiO
will be dissolved into the =lectrolyte under the celi operation
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conditions. The dissolution of alkaline carth oxide increases
the basicity of the electrolyte, and then the solubility of NiO
decreases. In this case, the segregation of ionic species may
not be important. To evaluate a stabilized cathode material,
the solubilities of unstabilized NiO cathode and stabilized
NiO in the eutectic carbonate melt were measured and com-
pared. The content of alkaline earth oxide in the stabilized
NiO was optimized with respect to the solubility of MgO.
Half-cell and single-cell tests were also performed to examine
the electrochemical performance of a stabilized NiQ cathode.
Post-test analyses by electron probe microanalysis (EPMA),
atomic absorption spectrophotometer (AAS}) or inductively
coupled plasma (ICP) and scanning electron microscopy
(SEM) were carried out to compare the Ni content in the
matrix after 500 h of continuous opcration.

2, Experimental

The solubility of NiO and stabilized NiO in the melt of
62Li,C0;-38K,CO; eutectic mixture was measured. The
reagent grade NiO, Li,CO;, K,CO; and alkaline earth oxides
(MgO, Ca0, Sr0, Ba0O) were used as raw materials. NiO or
well-mixed NiQ with alkaline earth oxide were pelletized to
a thickness of 1.2 mm and a diameter of 13 mm by means of
a hydraulic press. After pelletizing, it was sintered at 850 °C
for 5 h. An alumina crucible containing 30 g of the pre-dried
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Fig. 1. Diagram of the experimental app
eutectic carbonate mixture (62Li,CO,-38K,CO;) and the
sintered pellet were placed in a covered quartz container. The
cover of ¢ had been adapted to accommodate ther-
mocouple, gas inlet/outlet and sampling port. Fig. 1 shows
the schematic diagram of the experimental apparatus for sol-
ubility measurements. The crucible was heated to 650 °C in
a electric furnace and then a CO,—N, gas mixture was intro-
duced in the carbonate melt. The gaseous atmosphere was

L

Fig. 2. Schematic diagram of the half-cell apparatus for electrochermical
characteristics tests.

under real MCFC conditions. The active area of the cell was
25 cm®. All components including the stabilized NiQ cathode
were prepared by the tape-casting method. Green sheets of
the electrode were sintered in reducing atmosphere according
to the pre-determined sintering schedule. The cathode, which
was sintered as reduced Ni or stabilized Ni, would be oxidized
in situ and lithiated during the pre-treatment step of the single
cell, The physical properties of the components used in the

mainly N,—CO, mixture, in which the pCO, varied from 0.2
to 1 atm. To investigate the effect of p0O,, O, was added to
the CO»~N, gas mixture. The temperature varied from 550
to 750 °C. In order to analyze the solubility of NiO, the
carbonate melt was sampled periodically. The collected sam-
ple was dissolved in a HNO, solution and the concentration
of nickel was measured by inductively coupled plasma/mass
spectroscopy (ICP/MS) (Perkin-Efmer, Model elan 5000).
After the each solubility test, the pellet was analyzed by
energy dispersive spectroscopy (EDS) (Philips, Model 530)
to determine the Mg/Ni ratio.

The conductivity test was performed to evaluate the elec-
trical resistance of the stabilized NiO as the cathode material.
Conductivity was measuced by standard ac. four-probe
method between 25 and 650 °C.

Oxygen reduction tesis by iinear sweep voltammetry using
a half-cell apparatus were performed to evaluate the catalytic
property of the stabilized NiO. The experimental apparatus
is shown in Fig. 2. An alumina crucible contained a half-cell
system. A large gold foil was used as the counter electrode
and the reference electrode was made of a gold wire encased
in a holed alumina tube that was positioned just above the
bottom of the alumina crucible. A gold flag (2 cm?) working
electrode was used to set the standard for the oxygen reduc-
tion current. The oxygen reduction current of the working
electrode consisting of stabilized NiO was compared wit
that of NiO. The lincar sweep voltammetery was carried out
using a potentiostat (EG&G Princeton Applied Research,
Model 273) and a PC equipped with data acquisition
software.

Single-cell tests were performed to evaluate the suppres-
sion effect of stabilized NiO cathode on NiO dissolution

ingle-cell tests are listed in Table 1. A humidified H,-CO,
(80/20) anode gas and air-CO, (70/30) cathode gas were
used as the reactant gases. The cell components and operation
conditions of the cell are summarized in Table 2. The cell
performance (open-circuit potential (OCV), current-volt-
age characteristics, and IR loss) was measured versus oper-
ating time. After 500 h of continuous operation under a load
of 150 mA/cm?, the cross sections of matrix fracture were
taken for the analysis of the Ni deposit distribution in the
matrix by EPMA (JEOL, JXA-8600) and SEM (Philips,
Model 530). In order to determine the total amount of Ni
deposit in the matrix, matrix samples were first dissolved in
perchloric acid, and then analyzed by AAS (Perkin-Eimer,
Moadel 5000) or ICP/MS.

Table 1
Physical properties of cell components

Component/property  Poresize (pm)  Porosity  Thickness {mm)
Matrix 0.3-04 50-55 0.6-0.8
Cathode 89 70-80 0.6-0.7
Anode 34 50-55 0.7-08

Table 2

The cell comp and operating condition of the 25 cm? cell

Anode Ni + [0%Cr

Matrix LiAlO,

Cathode NiO, MgO +NiQ
Electrolyte 62Li;,C0,~38K.CO,

Fuel H,~CO, (80/20, humidified)
Oxidant Air-0, (70/30)
Temperature 650°C
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3. Results and discussion
3.1. Solubility tests

Fig. 3 shows the typical result obtained from the solubility
test of unstabilized NiO cathode at 650 °C under a pCO, of
0.9 atm. The concentrations were expressed in mole fraction
(mol ppm). The nickel concentration in the melt increased
rapidly and reached an equilibrium after 45 h. In this partic-
ular experiment, the solubility taken from an equilibrated
state was 15.2 ppm (mole). This value is in good agreement
with other investigations [5], but is less than the results
abtained by Ota et al.-[6].

Fig. 4 shows the results of the solubility tests of stabilized
NiO when small arrounts of MgO were added to the NiO
cathode. Experimental conditions were kept at 650 °C under
apCO, of 0.9 atm. The solubility of stabilized NiO decreased
from 15.2 to 5.5 ppm and increased again with increasing the
MgO content. From this result, it is shown that the solubility
of NiO in eutectic carbonate melt can be suppressed by the
addition of MgO to the NiO cathode. The change in basicity
of the electrolyte due to the dissolution of MgO into the
electrolyte may be considered to be a key factor to the reduc-
tion of NiO solubility, as observed in previous studies, where
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Fig. 3. Time vs. Ni concenteation in the 62Li,CO,~38K,CO; melt, peoe =
0.9 atm, and T=650 °C.
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Fig. 4. Solubility of the stabilized NiO in the 62Li,C0,~38K,CO; vs. MgO
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Fig. 5. Dissolved Mg concentration in the 62L1,C0,-38K,CO; meft vs. MgO
concentration in the stabilized NiO.
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Fig. 6. EDS analysis of the 5% MgO-stabilized NiQ: (a) before the
experiment, and (b) after the experiment.

the NiO solubility can be reduced by the addition of basic
alkaline earth oxides (carbonates) to the electrolyte [7-12].
Fig. 5 shows the equilibrium concentration of Mg ions dis-
solved in the electrolyte as a function of the added MgO
content in the slablhzed NiO cathode. The concentration of
Mg in the el ly d withi g MgO
As shown in the Fxg 6, EDS analysis also indicates that the
concentration MgO/NiO ratio in the surface of stabilized
NiO decreased from 0.052 to 0.030 due to the preferential
dissolution of MgO.

Fig. 7 shows the effect of addition of other alkaline carth
oxides. The solubility dependence of stabilized NiO cathode
on the alkaline earth oxide content is similar to that of the
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Fig. 7. Effect of additives on the solubility of the stabilized NiO in the
62Li,CO,-38K.CO; melt.
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Fig. 8. Effect of pCO, on the solubility of 5% MgO-stabilized NiO in the
62Li,CO;-38K,CO, melt,

MgO-stabilized NiO cathode, but the degree of solubility
reduction is lower than that of the MgO-stabilized NiO cath-
ode. However, the reason why MgQO was the most effective
in suppressing the NiO dissolution has yet to be elucidated.

The dependence of pCO, on the solubility of stabilized
NiO cathode was also investigated. The result is shown in
Fig. 8, where the solubility of stabilized NiO in the carbonate
melt increased linearly with increasing pCO,. It is well-
known that the dependence of NiQO dissolution on the pCO,
depends upon the mechanism of NiO dissojution. When an
acidic dissolution mechanism predc athigherpCO;,’s,
which are usually the MCFC operating conditions, then the
NiO solubility is found to increase linearly with pCO,. In
this respect, it may be concluded thar the stabilized NiO is
dissoived by an acidic dissolution mechanism.

Under conditions of acidic dissolution, the solubility of
NiO was also found to d with i ing temp
while it was not affected by pO, [14-18]. To check the
hypothesis that the solubility of stabilized NiO cathode is
influenced by acidic dissolution conditions, the effect of tem-
perature and pO; on the solubility of 5% MgO-stabilized NiO
were also studied. The results are given in Figs. 9 and 10.
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Fig. 9. Effect of temperature on the solubility of 5% MgO-stabilized NiO in
the 62Li,CO,-38K.CO, meh.
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Fig. 10. Effect of pO, on the solubility of 5% MgO-stabilized NiO in the
62Li,C0O;-38K,CO; melt.

3.2. Conductivity tests

One of the cathode requirements is that the cathode is
electrically conductive. Loss of conductivity due to the addi-
tion of MgO was checked. Fig. 11 shows the conductivities
of lithiated NiQ and stabilized NiO as a function of temper-
ature. The conductivity increased with increasing tempera-
ture because lithiated NiO is a semiconductor. Conducuivity
of the lithiated NiO at 650 °C was 38 S/cm, which is in good
agreement with data found in the open literature [ 19]. The
conductivity of 10% MgO-stabilized NiO decreased to 22
S/cm. However, the loss of conductivity due to the addition
of 10% MgO results only in about 0.23 mV decrement of cell
performance at the 150 mA/cm?® load of a 25 cm? cell. This
means that the conductivity of the stabilized NiO cathode is
more than adequate for cell operation.

3.3. Half-cell tests

Fig. 12 shows tne results of linear sweep voltammetery of
NiO and stabilized NiQ. The scan rate varied from 0.01 to
0.2 V/s. During the initial period, the current density
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Fig. 12. Results of linear sweep
and 5% MgO-stabilized NiO at 650 °C.

y for oxygen reduction on NiO

increased with increasing applied potential, but if the applied
potential is higher than a certain value it decreased with
increasing applied potential because of the diffusion limita-
tion of reactant [20-24]. As observed in Fig. 12, the peak
current density of the stabilized NiO is even higher than that
of the NiO at the same potential and scan rate. From this
result, we can infer that the catalytic activity of the stabilized
NiO cathode for oxygen reduction should be comparable with
that of the NiO cathode.

3.4. Single-cell tests

Fig. 13 shows typical current—voltage characteristics for
an NiO cathode and two stabilized NiO cathodes in a 25 cm®
cell. The single cells were operated at a constant load of 150
mA/cm? using a humidified fuel and a dry air at 40% utili-
zation. It is seen from Fig. 13 that the OCVs are all 1.05 V
which are a somewhat lower than the theoretical value of 1.07
V for this particular experimental condition. Under the load
of 150 mA/cm?, however, a 5% MgO-stabilized NiO cathode
gave the best performance. This result is somewhat surpris-
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Fig. 13. Single-cell performances of an NiQ cathode and stabilized NiO
cathodes.

ing, considering the potential loss of cell performance due to
the slight loss of conductivity as well as of catalytic activity
by the addition of MgO to the NiO cathode. Although the
reason why a 5% MgO-stabilized cathode gives a better per-
formance than an unstabilized cathode has yet to be eluci-
dated; it may be explained by the change in the microstructure
of the stabilized cathode during the sintering process.

It is well-known that metal oxide functions as a sintering
inhibitor of metallic nickel electrodes. Addition of MgO to
the metallic nickel not only resulied in an increase in porosity
from 75 to 80% after smlenng butalso mcreasedthedlﬂiculty
in obtaining amech Iy stable cathod g aproblem
in the cell assembly. A better performance with a 2 5% MgO-
stabilized cathode may be attributed to the increase in
porosity; the slightly worse performance with the 10%
MgO-stabilized cathode may be associated with the poor
strength of the sintered cathode. When the MgO content in
the stabilized cathode reached 10%, its mechanical strength
was very low.

Fig. 14 shows the distribution of the Ni deposit in the cross
section of the matrix obtained by EPMA analyses after 500
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Fig. 14. Distribution of the Ni deposit in the cross section of the matrix after
500 h operation.
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Fig. 15. EPMA map of nickel particles in the cross section of the matrix after 500 h operation: (a) NiO cathode, and (b} 10% MgO-stabilized NiO cathode.

h cell aperation. The nickel content in the unstabilized NiO
cathode was 1.2 wt.% in the vicinity of the cathode—matrix
interface; then it decreased. The distribution of the Ni deposit
in a 5% MgO-stabilized NiO cathode was similar to that of
the unsiabilized NiO cathode. However, a significant reduc-
tion of the Ni deposit in all positions of matrix was observed
for 10% MgO-stabilized NiO cathode. It may be concluded
from this result that the NiO dissolution in the single-cell
operation can be suppressed by the modification of NiO with
a 10% MgO addition. In batch solubility tests, a 5% MgO
addition was optimal in reducing the NiO solubility. In the
single-cell tests, however, the suppression effect appeared
with 10% MgO addition. EPMA dot map of the cross section
of matrix after 500 h cell operation is given in Fig. 15. In the
case of the NiO cathode, Ni particles of 5-10 wm diameter
were distributed in the matrix. However, an Ni deposit was
not observed in the 10% MgO-stabilized cathode. This result
is quite consistent with the EPMA results given in Fig. 14,
This result also could be confirmed from AAS analyses of
the Ni amount in the matrix. After cell operation, matrix
samples were collected from cell assembly and then it was
dissolved in perchloric acid. The solution of the matrix dis-
solved was analyzed by AAS for the determination of total
Ni content, see Table 3. The amount of Ni deposit in the
matrix was 2.0 wt.% in the case of unstabilized NiO cathode,
while it was 0.5 wt.% for the 10% MgO-stabilized cathode.

4. Conclusions

A stabilized NiO cathode was proposed and cvaluated for
the reduction of NiO dissolution in MCFCs. The main results
of this evaluation are:

1. The solubility of NiO in the electrolyte can be reduced by
the addition of alkaline earth oxide to the NiO cathode. In
a batch solubility test, a 5% MgO addition is optimal in
reducing the NiO solubility.

Table 3
Tatal Ni amount in the matrix after 500 h of continuous aperation

Cathode Ni amount in matrix (w1.5%)
NiO 20
5% MgO + NiO 20
10% MgO + NiQ 05

2. Based on laboratory tests (conductivity test, half-cell and
single-cell tests) it is concluded that a stabilized NiQ cath-
ode does not suffer any deterioration of the electrochem-
ical activity during a cell operation.

3. A single-cell test with a 10% MgO-stabilized cathode
st wed a significant reduction of Ni precipitation in the
matrix after a long-run operation. However, a 10% MgO
addition to the NiO cathode resulied in a poor mechanical
strength of the sintered cathode.
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