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Abstract

A porous electrode of nickel covered by a thin film of lithium cobaltite doped with magnesium (LiMgg ¢sC0¢950,) was prepared in order to
protect nickel cathode against dissolution into the molten carbonate. A sol impregnation technique was used to deposit gel precursors on the porous
surface of the substrate; the covered substrate was submitted to thermal treatments, which produced a lithium cobaltite layer. The cathode was
characterized by the following measurements: biaxial bending test, SEM/EDX analysis, which demonstrated the uniformity of the lithium cobaltite
layer and the presence of cobalt homogeneously distributed over the nickel particles, electrical conductivity.

To test the cathodic performance of the material under study a cell was assembled and tested in a 10cm x 10 cm electrodes area plant. The
cell performance during the time was studied carrying out polarization curves for many hours (more than 1000 h). To determine the influence of
the cathodic gas composition on the electrode performance the atmosphere was changed maintaining alternatively at a constant value the partial
pressure of CO, and O,. In such a way the kinetic effect of the single gas was studied. By the technique of /R interruption the internal resistance

of the cell was measured.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Molten carbonate fuel cell (MCFC) are one of the most
promising devices for power generation because of their high
efficiency and low emission. The state of the art of the cathodic
material is the lithiated nickel oxide, LiyNi;_,O, for which
the oxygen reduction reaction rate (oxygen reduction reaction,
ORR) is high. The main problem with Li,Nij;_,O derives from
the fact that its rate of dissolution in molten carbonate is very
high (solubility 20-50 ppm). Like consequence of such phe-
nomenon, the cathodic nickel is dispersed and transported inside
the electrolyte producing a concentration gradient under the
electric field of the cell. Moreover, the NiZ* ion can be reduced to
Ni in the matrix producing a short circuit of the cell. The dissolu-
tion rate depends on the pressure, and in the case of pressurized
MCEFC, the estimated life time highly decreases. One way to
solve such problem is to add to the electrolyte a ion that makes it
[1,2] more basic; an other way is to develop alternative cathodic
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material [3,4]. Different materials have been studied in these
years: ferrites, cobaltites, manganites, doped metallic oxides,
ilmenites, spinels and perovskites. The greater part of such mate-
rials is not stable in molten carbonates and/or they react with
v-LiAlO; of the matrix [5]. The more promising materials are
LiFeO, and LiCo0O;. Both have a good wettability with the
electrolyte and are more stable than Li,Ni;_,O in cathodic atmo-
sphere. LiFeO; is less expensive, but its electrical conductivity
at 650 °C is very low (0.05 S cm~!) and sensitive to gas compo-
sition even if doped with Co, Ni, Mg and other elements. Lithium
cobaltite (LiCoQO») is a ceramic material semiconductor and is
already used commercially in lithium-ion batteries; an other field
of application is in the electrochromic films. Many laborato-
ries have studied and developed cathodes in LiCoO; [6,7]. In
ENEA laboratories, within the Agreement of Program MICA-
ENEA, a process [4] for the production of the cobaltite powders
and the realization, by means of tape casting, of porous cath-
odes of 100 cm? of dimensions has been developed. The lithium
cobaltite doped with magnesium electrode has been character-
ized outside the cell (morphology, conductivity, solubility) and
with in cell tests (polarization curves, IR interruption). The com-
parison with nickel oxide has allowed to assert that lithium
cobaltite doped with magnesium can, from the electrochemi-
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cal point of view, to replace the conventional cathode. On the
contrary the use of lithium cobaltite is limited from its mechan-
ical brittleness and the high cost of the raw materials but, above
all, from the process of preparation of the electrode. In order
to obviate to these disadvantages it has been prepared a porous
nickel cathode covered with a thin layer of lithium cobaltite
doped with magnesium to maintain the properties of the metallic
substrate reducing nickel solubility. Lithium cobaltite thin films
have been deposited by different techniques: chemical vapour
deposition, spattering and laser ablation. The complex sol—gel
process (CSGP) technique was selected in order to protect the
nickel cathode against dissolution because effective and less
expensive.

2. Experimental
2.1. Preparation of LiMgp.05Co¢,9502-coated Ni cathode

In the frame of a collaboration between ENEA and a Polish
Research Institute in Warsaw, the IChTJ (Institute of Nuclear
Chemistry and Technology) prepared the cathodes by means of
a sol—gel process [8]. The starting sol used in complex sol-gel
process (CSGP) have been prepared by adding LiOH to aqueous
acetates solution of Co®* with ascorbic acid, then alkalizing with
aqueous ammonia to pH 8. In these sols, diluted with ethanol,
porous cathodes plates have been dipped and withdrawn at con-
trolled rate several times to achieve the required film thickness.
The coated substrate was soaked at 200 °C for 72h, then at
400 °C for 1 h and calcined (using low heating and cooling rate
1°Cmin~!) at 650 °C up to 4 h. During heat treatments nickel
plates were always placed between ceramic sheets to avoid wav-
ing.

2.2. Cathode characterization

Thermal treatment procedure has been elaborated on the basis
of thermal analysis data (TGA/DSC, TA Instruments). To con-
firm the formation of LiCoO, crystalline phase on the porous
nickel surface, X-ray diffraction measurements were carried out
after final thermal treatments using focused and monochromated
Co Ka radiation (Italstructures). The morphology of the cath-
ode coated with LiCoO, was examined by scanning electron
microscopy (JEOL JSM 5510 LV) and EDX analysis (IXRF
500). The mechanical strength of the cathodes was measured by
four points bending test to analyse the effect of covering and
thermal treatments. The electrical conductivity of cathodes was
measured by a dc technique following the Van der Pauw method
[9] in the temperature range of 500-850 °C, as a function of time.

2.3. Cell tests

The nickel cathode coated with a layer of LiCoO; doped
with Mg, was tested in a molten carbonate fuel cell with
10cm x 10cm electrode area. The cell was assembled with a
Ni-5wt.% Cr anode, a y-LiAlO, matrix and a Li/K carbon-
ate electrolyte (molar ratio 62:38). The cell performance was
studied at 650°C and 1 atm for more than 1000 h. The cath-

ode kinetic was investigated by changing the partial pressure of
oxygen and carbon dioxide. Polarization curves were obtained
by an electronic load (N3300 Agilent). Current interruption is
the technique used for correcting measured cell voltage for the
ohmic potential drops. The initial fast change of the cell volt-
age when current is applied or interrupted, is recorded by an NI
acquisition card with an acquisition rate of 2000 sampless™'.
A LabView software, compiled for this purpose, controls the
acquisition card.

3. Results and discussion

3.1. Characterization of the cathode coated with
LiMg0.05C00.9502

Fig. 1 shows the XRD patterns of the electrode after the ther-
mal treatments: the LiCoO, phase was observed suggesting that
at 650 °C, the formation of a layer of lithium cobaltite on the
porous nickel electrode has taken place [10]. In Fig. 2 are shown
the porous nickel electrode covered with a layer of magnesium
doped lithium cobaltite (a), a SEM image (35x) of the sam-
ple situated at 2 cm from the edge of the electrode (b), a SEM
image of the same sample at higher magnifications (c). Lithium
cobaltite particles homogeneously cover the nickel substrate. In
spite of the relatively variable concentration of cobalt on the
electrode surface (Fig. 3) the layer of lithium cobaltite seems to
be thin and uniform.

Four points bending tests were carried out on the electrode.
Samples were taken in different positions and analysed. The
average strength value o, =2.59 (0.21)kgfmm™2 is very
close to literature values for similar materials [11].

Conductivity measurements were carried out on three differ-
ent electrodes [12,13]:

e a conventional porous nickel sheet partially oxidized;

e a Mg-doped lithium cobaltite made in ENEA laboratories;

e a porous nickel electrode coated with Mg-doped lithium
cobaltite.

To compare the electrical conductivity of materials with dif-
ferent porosity [14], the measured conductivity was converted

Fig. 1. XRD pattern of the LiMgg 05Co0.950; coated Ni porous electrode.
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(a)

Fig. 2. (a) Lithium cobaltite/Ni electrode, (b) SEM image (35 x) of the sample
situated at 2 cm from the edge of the electrode and (c) SEM image (10,000 ).

to the specific conductivity (conductivity at theoretical den-
sity) using the semi empirical relationship og=0(1 —P)~!73
where o is the measured electrical conductivity, o is the spe-
cific electrical conductivity and P is the porosity fraction. In
Fig. 4(a) is shown the electrical resistance as a function of
time in air of nickel oxide, nickel covered by lithium cobaltite
and lithium cobaltite. Nickel oxide shows a resistance of 85 €2,
higher than that of lithium cobaltite (40 2) and nickel coated
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Fig. 3. Nickel and cobalt concentration profiles obtained by EDS analysis.

with lithium cobaltite (1 2). The reason for the nickel oxide
behaviour is the absence of lithium ions intercalation, which
induces strong p-type semiconductor properties in the compound
and increases conductivity significantly. Arrhenius plots for the
electrical conductivity in air of nickel oxide, nickel covered by
lithium cobaltite and lithium cobaltite are described in Fig. 4(b).
From these plots the activation energy for the conduction pro-
cess was calculated for nickel oxide and nickel covered with
lithium cobaltite. The obtained values are very close: 0.21 eV
for NiO and 0.22 eV for the covered electrode.

3.2. Cell performance

The Ni/lithium cobaltite cathode was tested in a 100 cm?
electrodes fuel cell with conventional anode and tile. The cell
operated for about 1000 h at 650 °C. The Fig. 5 shows the open
circuit voltage (OCV) and the cell voltage at different currents
and different cell lifetimes. Data are concerning with the gas
composition 10/10/1 N1h~! of Ho/N,/CO; and 7/0/16 NLh~! of
02/N,/CO;. The cell voltage at high current densities remained
constant up to the end of the test. In Fig. 6 polarizations curves at
the same gas composition but at different cell lifetime are shown.
The cell performance gradually improved during the cell oper-
ation time, showing a voltage of 800 mV at a current density of
100 mA cm~2 after 700 h; the carbonate electrolyte which ini-
tially filled the cathode pores is redistributed in the first hours
reducing cathode polarization.
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Fig. 4. (a) Electrical resistance at 650 °C as a function of time in air of nickel oxide (#), nickel covered with lithium cobaltite (X) and lithium cobaltite (A). (b)
Arrhenius plot for the electrical conductivity in air of nickel oxide (), nickel covered by lithium cobaltite (X) and lithium cobaltite (A).
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Fig. 5. Open circuit voltage (OCV) and cell voltage at different current densities
at different cell lifetimes.
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Fig. 6. Polarization curves at the same gas composition but at different cell
lifetime.

The cathode kinetic was investigated by changing the oxy-
gen and carbon dioxide partial pressures. Data of Fig. 7 refer to
648 h of cell life, and confirm the marked dependence of power
from po,, especially at low partial pressure. On the contrary, the
influence of pco, is lower for all partial pressures. The electro-
chemical performance of the cell increased as the oxygen and
carbon dioxide partial pressure are increased indicating a posi-
tive effect on the cathode kinetic.
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Fig. 7. Dependence of cell power from po, and pco, -
Table 1

The ohmic potential drop (/R) of the cell measured by the current interruption
technique at different applied currents and cell lifetime

1(A) R (Qcm?)

72h 360h 744h
0.50 4.029 3.555 4.029
1 4.029 3.614 3.851
2 3.555 3.732 3.436
Average 3.871 3.634 3.772

The ohmic potential drop (/R) of the cell was measured by
the current interruption technique. Measurements were made
with different applied current at different cell lifetime described
in Table 1. No differences in IR values (~4 2 cm?) [15] were
evidenced that means the material was stable after the thermal
treatments, which were made at the end of the sol-gel process.

3.3. Post-test analysis

In Fig. 8 are shown SEM pictures of the electrode before
(a) and after (b) in cell test (about 1000 h cell lifetime). Some
changes in morphology and grain size occurred on the elec-
trode surface: the large open porosity decreased and the electrode
skeleton was constituted by bigger grains and smaller one, which
had the same chemical composition.
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Fig. 8. SEM pictures of the electrode before (a) and after (b) in cell test (about 1000 h cell lifetime).
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4. Conclusions

A nickel electrode covered with a thin layer of lithium
cobaltite doped with magnesium, was fabricated by complex
sol—gel process (CSGP). After the covering process, the elec-
trode was submitted to thermal treatments to allow the formation
of Mg-LiCoO; layer. Chemical physical characterizations have
shown the necessary requirements for a good cathode material.
In cell tests showed a good cell performance that gradually
improved during the cell operation time, showing a voltage
of 800mV at a current density of 100mA cm~2 after 700 h.
Further investigation to improve mechanical resistance, cell
performance and to streamline the electrode production are in
progress.
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