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Abstract

The stability of the NiO cathodes in molten carbonate fuel cell (MCFC) has been improved through microencapsulation of the NiO
cathode with nanostructured Co. Cobalt was deposited on the NiO cathode using an electroless deposition process. The electrochemical
oxidation behavior of the Co-coated electrodes is similar to that of the bare NiO cathode. The cobalt-coated electrodes have a lower
solubility in the molten carbonate melt when compared to bare nickel oxide electrodes in the presence of cathode gas. The solubility
decreased more than 50% due to microencapsulation with cobalt. The thermal oxidation rate was also lower in case of the cobalt-
encapsulated electrode. Impedance data from the modified electrode indicate that the oxygen reduction reaction depended inversely on the
CO, and directly on the oxygen partial pressures respectively suggesting a similar reaction mechanism to that of nickel oxide. The results
indicated that cobalt-encapsulated NiO is a viable solution in the development of alternate cathodes for MCFC applications. ©) 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

The molten carbonate fuel cell (MCFC), operating at a
temperature of 650 °C, has been under intensive develop-
ment for the last few decades as a second-generation fuel cell
[1,2]. Significant advances have been done in addressing
design issues resulting in the development of prototype
MCFC power generators. However, several hurdles remain
before commercialization of MCFC can be realized. The
primary challenge remains in the proper selection of mate-
rials for the cathode and current collector. Current state-of-
art [3] relies on NiO cathodes fabricated from Ni powder.
However, during cell operation, nickel oxide dissolves in the
electrolyte [4] and does not satisfy long-term stability
criteria [5]. Nickel oxide reacts with CO, present in the
electrolyte according to an acidic dissolution mechanism

NiO + CO, — Ni*™ + C0O;%~

The dissolved nickel remains in equilibrium with the NiO
cathode. Simultaneously, the Ni?* cation diffuses to the
anode side of the electrolyte and is then reduced in the
hydrogen atmosphere to metallic nickel. The diffusion of
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Ni?* cation fuels more dissolution of nickel from the
cathode. Continued deposition of Ni in the anode region
eventually leads to a short circuit between the anode and
cathode. The dissolution is accelerated under higher CO,
partial pressure and results in lowering the operating life of
the cell. Apart from this, cathode dissolution results in loss
of active material and in decrease of the active surface area
available for the oxygen reduction reaction (cathodic reac-
tion) leading to degradation in fuel cell performance.

Current state-of-art on solving the Ni dissolution problem
is focused on varying the molten salt constituents [6,7] or
using alternate cathode materials [8—10]. More basic molten
carbonate melts such as Li/Na carbonate eutectic have been
used to decrease the Ni dissolution rate in the melt [6,7].
Alkaline earth metal salts based on Ba or Sr have also been
used as additives to increase the basicity of the melt.
However, using more basic molten carbonate melts only
partially solves the problem, since these melts decrease the
NiO dissolution rate by 10-15% only [6,7].

The other approach to counter the nickel dissolution
problem is to either modify NiO or to identify alternate
cathode materials, which have longer life in the melt.
Alternate electrodes should have good electronic conduc-
tivity, chemical stability and proper microstructure for use as
MCEFC cathodes. LiFeO, and LiCoO, offered initial promise
as replacement material for NiO cathodes [8—10]. However,
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the exchange current density for oxygen reduction reaction
on LiFeO, is about two orders of magnitude lower than that
on NiO. Thus, the slow kinetics for oxygen reduction limits
the possibilities for further improvement of cathodes based
on this material. LiCoO, is more stable than NiO in alkaline
environment [8]. However, LiCoO, is less electronically
conductive than NiO and is more expensive than NiO. Other
choices for cathode materials have failed because of their
low electronic conductivity or poor oxygen reduction
kinetics. This being the case, surface modification of NiO
with more resistant materials is being considered as the more
viable alternative.

Based on previous investigations [11-15] cobalt has been
chosen to modify the surface of the NiO cathode and reduce
its dissolution. Previous investigators have attempted to
modify the surface of NiO with Co through other
approaches. Fukui et al. [11,12] and Zhang et al. [13] studied
the effect of cobalt coating on nickel oxide particles used as
cathodes in MCFC. Ni particles were covered with lithiated
Co and Ni solid solution [12] or by CoO particles mechani-
cally [11]. Composites made of the Ni—CoO particles
showed better corrosion resistance as compared to that of
conventional NiO in Li-K carbonate melt. However, polar-
ization studies of the Ni-CoO composite were not reported.
Kuk et al. prepared LiCoO,-coated NiO cathode using two
different techniques: by a PVA assisted sol-gel method [14]
and by electroplating [15]. They found that the modified
electrode performed better than the bare NiO in both elec-
trochemical and dissolution studies.

Microencapsulation offers an easier and consistent way of
coating the substrate with amorphous layers [16]. The
objective of this study is to characterize the electrochemical
and corrosion properties of microencapsulated NiO with Co
as a cathode material in MCFC. A variety of electrochemical
and physical characterization techniques have been used to
study the performance of the Co—NiO composite.

2. Experimental

Porous nickel cathode was made by a tape casting and
sintering process. Nickel (Aldrich) particles were ground
and sieved to obtain uniform particles of size 3—5 um. The
tape casting slurry was prepared by ball milling nickel
powder in water with suitable binder (PVA) and plasticizer
(glycerol). The ball milling was done in two steps. At the
first step, 50 g of nickel powder were added to 5 g of PVA
(PVA liquid 15 wt.%) and 1 g of defoamer (Airdefoam™
60, Air Products). The ingredients were mixed thoroughly
with 15 g of water and the slurry was ball milled for 3 h in
order to break the weak agglomerates. Next, 9 g of glycerol
was added to the above suspension and the resulting slurry
was ball milled for an additional 3 h. The slurry was then
slightly warmed (50 °C) and degassed using a ROTOVAP™
evaporator. The slurry was cooled and then cast using a
doctor blade assembly over a glass plate coated with silicone

oil. The drying was performed slowly at room temperature
for about 48 h. The cast plate nickel tape was then stripped
off gently from the glass plate and stored.

Prior to cobalt coating Ni tapes were activated in a
solution of 20 g/l sodium hypophosphite at 90 °C. Subse-
quent to activation the deposition was carried out with
moderate stirring at 80-85 °C in 20 g/l cobalt sulphate,
20 g/l sodium hypophosphite, 50 g/l sodium citrate and
40 g/l ammonium chloride for 1 h. In addition to the above
constituents, NH,OH was added periodically during deposi-
tion to maintain the pH between 8.5 and 9.5. The pH dropped
below 9 frequently during deposition indicating that cobalt
deposition on the alloy surface was proceeding. The depo-
sition was terminated once the pH remained constant
indicating the absence of cobalt in the solution. The
cobalt-encapsulated nickel tape was rinsed with deionized
water, dried at 65 °C for 4 h and later sintered at 800 °C in air
for 2 h. This was done to remove all decomposable material,
which could have been incorporated into the Ni laminate
during Co deposition.

In situ oxidation of nickel and cobalt-encapsulated nickel
electrodes were studied using a three-electrode half-cell.
The working electrode was made of circular disc electrodes
cut from sintered metal tapes and spot welded with a gold
wire. Gold was used as the counter electrode and Au/
(2CO; + 10,) served as the reference electrode. The refer-
ence gas flow rate was maintained at 10 cm>/min. Oxidant
gas with a composition of 30% CO, and 70% air (National
Welders) was directly purged into the carbonate melt
through an alumina tube. The open circuit potential studies
were done using an EG&G PAR Model 273 potentiostat
interfaced with a computer.

The electrochemical studies were done in a 3 cm? lab cell
shown in Fig. 1. Nickel and cobalt-encapsulated nickel were
used as the working and counter electrodes. (Lig Ko 38)2-
CO; eutectic embedded in a LiAlO, matrix was used as the
electrolyte. Polarization studies were done using an oxidant
gas composition of 70% air and 30% CO,. Two oxygen
reference electrodes (Au/CO,/0,) connected to the electro-
lyte tile with a salt bridge (50% (Lig K .35)>CO3 + 50%
LiAlO,) were used to monitor the polarization of cathode.

Electrochemical impedance spectroscopic studies were
performed using a Model 1255 Schlumberger Frequency
Analyzer. The electrode was stable during the experiments
and its open circuit potential changed less than 1 mV. The
impedance data generally covered a frequency range of
1 mHz-100 kHz. A sinusoidal ac voltage signal varying
by £5mV was applied in all cases. Scanning electron
microscope (SEM) was used to study the microstructure
of the specimens.

Thermogravimetric analysis (TGA) was employed to
investigate the thermal oxidation behavior of both cobalt-
encapsulated and bare nickel electrodes in the presence
of cathode gas conditions. The oxidation behavior was
studied both in the presence and absence of the carbonate
melt.
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Fig. 1. Schematic diagram of a 3 cm? electrochemical fuel cell. Au/(2CO, + 10,) reference electrode with a salt bridge was used for measuring cathode and

anode potential during polarization studies.

In order to determine the solubility of nickel and cobalt-
encapsulated nickel electrodes in molten carbonate, pot tests
were carried out under cathode gas conditions. Pellet elec-
trodes of 2.5 cm diameter were cut out from sintered nickel
and cobalt-encapsulated nickel tapes. They were weighed
and carefully dropped inside an alumina crucible containing
100 g of molten carbonate (Li,CO3/K,CO3; = 62/38) at
650 °C. Cathode gas (30% CO,/70% air) was bubbled
through the carbonate melt using alumina tubes. About
0.2 g of molten carbonate was taken from the melt approxi-
mately every 6 h up to 200 h using an alumina rod. The
molten carbonate sample was dissolved in 10% dilute acetic
acid. Atomic absorption (AA) spectroscopy was used to
analyze the concentration of dissolved nickel and cobalt.

3. Results and discussion
3.1. Sintering

Sintering of the tape casted electrodes influences the
cathode pore structure and thereby affects its electrochemi-
cal performance. TGA was done to determine the optimum
heat treatment schedule for sintering. A typical TGA curve
for green nickel tape is shown in Fig. 2. The as cast Ni tape
was preheated at 120 °C for 12 h in order to remove all the
water in the tape. TGA analysis was done by heating the
sample from 100 to 650 °C at a rate of 10 °C/min. A steep
reduction in weight (15 wt.%) is seen on heating the sample
to 200 °C due to the removal of the binder. A secondary
weight loss (5 wt.%) is noticed between 300 and 400 °C due
to the removal of plasticizer. The removal of all volatile and
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Fig. 2. Thermogravimetric analysis (TGA) of an aqueous nickel tape.

decomposable organic matter is completed below 400 °C.
On heating the sample above 400 °C, oxidation of nickel
surface takes place. The total weight loss varies between 15
and 20 wt.% depending upon the binder and plasticizer
contents in the green tapes. Since, Ni is oxidized beyond
400 °C, it is critical to heat the sample in a reducing atmo-
sphere to prevent oxidation during sintering. Further, the rate
of heating should be very slow initially to ensure complete
burn out of binder and plasticizer. Based on the above TGA
analysis, the following heating pattern was used for sintering
the electrodes: (i) green tapes which were cut out to specific
area (10cm x 10 cm) were initially heated from room
temperature to 130 °C at a rate of 1 °C/min in nitrogen
atmosphere, (ii) in the second step the temperature was held
at 130 °C for 10 h, (iii) next, the temperature was raised
to 230 °C at a rate of 1 °C/min in nitrogen atmosphere, (iv)
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Fig. 3. SEM photographs of bare and cobalt-microencapsulated nickel electrodes obtained by tape casting and sintering.

the temperature was held at 230 °C for 2 h, (v) next the
temperature was raised to 400 °C at 1 °C/min in nitrogen
atmosphere, (vi) next, the temperature was maintained at
400 °C for 2 h, (vii) the temperature was raised to 800 °C at
1 °C/min in hydrogen atmosphere, (viii) the temperature was
hold at 800 °C for 1 h and (ix) in the last step the sample was
cooled to room temperature using a cooling rate of 1 °C/min
in hydrogen atmosphere.

3.2. Scanning electron micrograph

Fig. 3 shows the SEM images of Ni and cobalt-encapsu-
lated nickel electrodes prepared by the above sintering
procedure. Cobalt microencapsulation leads to the formation
of amorphous layers of cobalt over the entire microstructure
of nickel tape. On heating the sample to 800 °C, the volatile
substances included during the cobalt microencapsulation
process decomposed giving rise to a porous Co-Ni compo-
site electrode. The primary particle size according to Fig. 3
for nickel electrodes was in the range of 0.5-4 pm. Sub-
sequent to Co encapsulation and sintering in air, the particles
tend to agglomerate together. Detailed pore volume distri-
bution analysis needs to be carried out to comment on the
actual porosity and pore size distribution. The morphologi-
cal difference between nickel and cobalt-encapsulated
nickel can be attributed to the cobalt deposited over the

nickel surface and the additional sintering done on the
sample.

3.3. Vicker’s hardness test

The MCFC cathodes are typically nickel tapes prepared
by either tape casting followed by sintering or loose powder
sintering process in hydrogen atmosphere so as to keep it
from oxidizing. The nickel tape is then in situ oxidized in the
molten carbonate under cathode gas conditions to form NiO.
In situ oxidizing is believed to be beneficial in terms of
improved hardness and the pore structure of the substrate.
Cobalt-encapsulated cathodes were prepared using ex situ
oxidation and therefore have to be characterized for hard-
ness. A Vickers hardness indenter was used to indent the
cobalt-encapsulated and bare nickel tapes with a diamond
tip. The physical deformation that happened during the
indendation process was observed under a microscope
and the dimensions of the depression was marked. Vickers
hardess number (VHN) [17] was calculated based on the
observations made on the indent using the formula

2P . /a
VHN = Zsin (E)

where d is the diagonal length left by the diamond shaped
pyramid indenter. The angle between the phases of the
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Table 1
Vickers hardness number (VHN) calculated for the Ni (sintered in H,
atmosphere) and Co-NiO (sintered in air) tapes

Material P (kg) d (mm) VHN (kg/mmz)
Ni 200 6.2 x 107* 9.646 x 10®
Co-coated Ni 200 47 x 107 1.678 x 10°

pyramid is o = 136°. P is the load used in kilograms and the
units of d are in millimetre. VHN was calculated for the Ni
(sintered under H, atmosphere) and cobalt-coated nickel
(sintered in air) cathodes. Table 1 gives the applied load,
indent observed and the VHN in case of Ni and Co—-NiO.
Cobalt-coated nickel cathode shows a higher VHN value
than for nickel cathode indicating that the Co coating
improves the hardness of the Ni tapes.

3.4. Stability tests

The short-term stability of cobalt-encapsulated and bare
nickel in molten carbonate eutectic were determined using
pot tests. AA was used to analyze the dissolved nickel and
cobalt in the melt. Fig. 4 shows the results of AA analysis on
the amount of dissolved nickel and cobalt in the carbonate
melt as a function of time. As shown in the plot, the rate of
dissolution of Ni*" was significantly higher in case of bare
nickel when compared to that of cobalt-microencapsulated
nickel. Fukui et al. [11] prepared Co-coated NiO composites
by a mechanical compaction technique. They found that
the Ni dissolution rate remained the same in both the bare
and modified electrodes for 10 and 20 wt.% CoO. For
5 wt.% CoO Ni solubility decreased to two-thirds of that
of NiO. In our case, solubility of Ni from the modified
electrode was half of that from the bare electrode. Similar
results were also observed by Kuk et al. [14,15] who found

that the Ni dissolution from their LiCoO,-coated NiO was
half of that from the untreated electrode. In our case,
solubility of cobalt was about one order of magnitude
smaller than that of nickel. The results indicate that cobalt
deposited on NiO through electroless deposition is resistive
to the molten carbonate environment. The amount of nickel
and cobalt cation in the carbonate melt increases with time
and saturates after about 100 h. Similar results have been
obtained in the literature for the solubility of Ni** and
Co*" ions in the carbonate melt [18-22]. The results indi-
cated that cobalt coating increases the barrier properties of
the cathode and thereby decreases the dissolution of nickel
in the melt.

3.5. Thermal oxidation behavior

In order to study the performance of the sintered electro-
des under cathode gas conditions, TGA was done on the
sintered nickel and cobalt-encapsulated nickel tapes. The
temperature was increased from 100 to 650 °C at a rate of
10 °C/min under cathode gas atmosphere (30% CO; + 70%
air). The temperature was then maintained at 650 °C for a
period of 2 h. Fig. 5a shows the results of TGA analysis
obtained for nickel tapes in the presence and absence of
molten carbonate. The percentage increase in weight while
heating the sample was plotted against the experiment time.
The time interval between 0 and 55 min corresponds to a
temperature rise from 100 to 650 °C at a heating rate of
10 °C/min. The time interval after 55 min corresponds to the
period where the temperature was maintained constant at
650 °C. As shown in Fig. 5a, the weight of nickel sample in
the absence of molten carbonate starts to increase after
40 min corresponding to a temperature of 400 °C and sta-
bilizes after about 2 h at 650 °C. On the other hand, the
oxidation of nickel was rapid in case of nickel sample placed
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Fig. 4. Atomic absorption spectroscopy analysis of dissolved nickel and cobalt in molten carbonate melt.
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Fig. 5. TGA analysis of sintered nickel (a) and cobalt-encapsulated nickel (b) tapes under cathode gas conditions in the presence and absence of molten

carbonate melt.

with molten carbonate salt in the presence of cathode gas. It
appears that O, permeation and reaction with inner nickel
particles is enhanced in the presence of molten carbonate.
The weight increase in both the cases was about 27%, which
suggests the complete conversion of Ni to NiO.

Oxidation of cobalt-coated nickel was very slow in the
absence of molten carbonate and the oxidation continued
even after 2 h after reaching 650 °C as shown in Fig. 5b.
Theoretical weight increase for the conversion of Ni and Co
to their oxides (NiO/CoQ) based on stochiometric calcula-
tion is around 27%. In the presence of molten carbonate,
weight of the cobalt-encapsulated substrate continued to
increase due to oxidation and stabilized shortly after reach-
ing 650 °C. The percentage increase in weight was around
22%. However, the actual weight increase is much lower in
the absence of the carbonate melt (60% lower than with the
presence of molten carbonate). This slow oxidation of

cobalt-encapsulated nickel specimen is obviously due to
the presence of cobalt, which is thermodynamically more
stable.

3.6. Electrochemical oxidation behavior

To understand the influence of cobalt encapsulation on
nickel electrode from an electrochemical point of view, the
open circuit potentials of both samples were monitored as a
function of time during the in situ oxidation process. Cobalt-
coated sample which was sintered in air was used for this
study as the objective was to study the in situ oxidation
behavior. The oxidation was carried out in a three-electrode
half-cell described in the Section 2 oxidant gas composition
of 67% CO, and 33% O, was bubbled at a constant rate of
60 cm>/min through an alumina tube during the in situ
oxidation process. Fig. 6 compares the OCP behavior of
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Fig. 6. Open circuit potential as a function of time during the in situ oxidation of bare and cobalt-encapsulated nickel tapes under cathode gas conditions.

bare and cobalt-encapsulated nickel electrodes as a function
of immersion time.

In both cases, three different potential plateaus are
observed which can be attributed to the following reactions
[22,23]:

Ni+ CO32~ — NiO +CO, +2¢~ —0.80V (1)
2Ni + 3C0;3%>~ — NipO3 +3C0, +2¢~ —043V  (2)
Ni 4+ CO;32~ — NiCO3 +2¢~ —0.25V 3)

The first plateau in case of nickel oxidation is due to the
formation of porous nickel oxide on the surface of the
nickel matrix. Next, bulk nickel is oxidized to NiO at
approximately —0.6 V. The second plateau at —0.44 V
has been attributed to the surface oxidation of Ni(Il) oxide
to trivalent nickel.

The redox processes that occur during the in situ oxidation
of cobalt correspond to [23,24].

Co 4 CO3>” — CoO+CO, +2¢~ —0.85V 4)
3Co +4C03°~ — Co304 +4CO, + 8~ —0.68V  (5)
Co + CO3>™ — CoCO;3 +2¢~ —0.35V (6)

In the case of Co-coated Ni, one can expect a solid
solution of Co and Ni to be formed whose OCP is a
mixed potential corresponding to oxidation of both Co
and Ni.

3.7. Polarization studies

Polarization studies were carried out in a three-electrode
3 cm? lab scale cell containing nickel/cobalt-encapsulated
nickel electrodes both as the working and counter electrodes
gold (oxygen reduction) served as a reference electrode. The

electrodes were separated by a LiAlO, ceramic tile contain-
ing Li-K carbonate melt (62-38 mol%). The cell is con-
nected to a gold/oxygen reference electrode through a salt
bridge. The polarization characteristics of NiO and Co—-NiO
cathodes were obtained by varying the current load. Fig. 7a
and b compares the cathode polarization during the galva-
nodynamic scan for the two cathode materials as a function
of different operating temperatures. The current was
scanned at 1 mA/s and the curves have been corrected for
IR loss based on Rg calculated from impedance measure-
ments (not shown).

The i—# characteristics (Fig. 7a and b) of both NiO and
Co-coated NiO are similar to each other indicating two
regions; charge transfer at lower overpotentials and a com-
plex mass transfer and charge transfer limited process at
higher overpotentials. Increasing the temperature has larger
influence on the polarization in case of NiO (Fig. 7a). The
observed overpotentials # decrease with increasing the
temperature indicating a decrease of both the polarization
and diffusion overpotentials with an increase of temperature.
Similar results were observed in [25,26].

As shown in Fig. 7b, similar results were also observed in
case of Co-encapsulated NiO. On increasing the tempera-
ture, there is a significant change in the overpotential
characteristics of Co-NiO composite. Kuk et al. [14,15]
found a small improvement in the polarization performance
of their LiCoO,-coated NiO as compared to the untreated
electrode. The observed small decrease of the overpotential
when compared with the NiO overpotential in our case
probably results from a small decrease of surface area of
the encapsulated active material.

Reaction rate orders were obtained by performing a
regression analysis of the exchange current density data
obtained from i—V plots under low current load (i < 10 mA/
cm?). Fig. 8 shows the i~V plots obtained for the case of
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Co-NiO under different gas conditions. Similar studies were
carried out at different temperatures and for NiO under
similar conditions. The slope of the linear part of i~V curve
was used to calculate the apparent exchange density based
on the expression i, = RT /nFR., where R is the universal
gas constant, 7 the cell temperature, F' the Faraday’s constant
and R is the slope of the i—V response. Exchange current
density was estimated as a function of gas composition for
Co-NiO electrode from i-V plots obtained at low over-
potentials. Fig. 9a and b show a plot of exchange current
density as a function of O, and CO, partial pressures,
respectively. The slope of log(i,) dependence with
log(pO,) is positive indicating a positive reaction order
for O,. While in the case of log(i,) dependence versus

log(pCO,), a negative slope is observed indicating a nega-
tive reaction order for CO,. The range of values of exchange
current density calculated for Co-NiO varied from 14.2
to 16.1 mA/cm?®. The apparent exchange current density
calculated using the same method for the case of NiO varied
between 29 and 31 mA/cm?®. The exchange current density
data offers qualitative evidence for the observed difference
in polarization performance in case of Co-encapsulated and
bare NiO because the i~V plots used to analyze the system
may contain mass transfer limitations even at low current
loads (due to high temperate). Thus, exchange current
density data offer only a qualitative evidence for the
observed difference in polarization performance in case
of Co-encapsulated and bare NiO. The log plots shown in
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Fig. 9. Plot of apparent exchange current density of cathode reaction on cobalt-encapsulated nickel as a function of O, (a) and CO, (b) partial pressures at
650, 700 and 750 °C.
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Fig. 10. Nyquist plots of impedance response of NiO electrode at different temperatures at a particular gas composition.

Fig. 9a and b were not perfectly linear implying the presence
of more than one reaction mechanism. For this reason, we
have not attempted to identify the observed kinetics with any
particular mechanism.

3.8. Electrochemical impedance spectroscopy (EIS) studies

In order to understand further the kinetics of oxygen
reduction on Co-NiO, impedance measurements were
carried out at different gas compositions. EIS analysis
was carried out at equilibrium potential (open circuit) on
the NiO and Co-NiO electrodes. Fig. 10 shows the impe-
dance analysis of NiO electrode at different temperatures at
a particular gas composition. The impedance response at any
given temperature is characterized by the presence of high
frequency loop and an extension at low frequencies. The
high frequency plot has been associated with the charge
transfer processes while the low frequency loop to a slow
process (mass transfer or slow homogeneous reactions). The
impedance response shown in Fig. 10 is similar in appear-
ance to the ones obtained by Yuh and Selman [25,26] under
similar conditions. As shown in Fig. 10, the cell temperature
has a marked effect on the ac impedance. Increasing the
temperature, a drastic decrease is observed in Fig. 10 of
charge transfer resistance, which is in agreement with the
results obtained from polarization studies.

Fig. 11a and b show the impedance response of Co—NiO
electrode as a function of different gas compositions at two
different temperatures. The impedance responses appear
differently in case of Co-NiO when compared to those of
NiO. The two distinct loops occurring at high and low
frequencies in the case of NiO appear to be merged with
each other in case of Co—NiO. The effect of temperature
clearly shows that the observed depressed semi-circle loop
includes both the charge transfer and mass transfer phenom-

enon. At higher temperature, the total impedance as acquired
from the Nyquist plots decreases suggesting that the
observed effect could well be assumed as a combination
of mass transfer and charge transfer. From Fig. 11a and b, it
can also be seen that the effect of partial pressure of O, and
CO, are antagonistic to each other. The magnitude of the
impedance loop decreased on increasing the O, partial
pressure. This clearly indicates a positive reaction order
for oxygen and is similar to the response seen for NiO [26].
In case of CO,, the impedance value increased with an
increase in CO, partial pressures implying that the reaction
order of CO, must be negative. Yuh et al. [26] obtained
similar results for NiO in terms of O, and CO, dependence
on impedance responses.

3.9. Post-test characterization

EDAX analysis was carried out to characterize the cobalt
content in the cobalt-encapsulated cathodes after 72 and
300 h of polarization. EDAX patterns were identical in both
cases. The concentration calculations based on the intensity
peaks show that the cobalt and nickel concentration remain
the same however, conclusions cannot be made about the
long-term performance of this material based on this obser-
vation. The rate of dissolution was comparatively lower in
case of Co—NiO when compared to that of NiO as shown in
Fig. 4. X-ray diffraction (XRD) studies were carried out on
post-test Ni and Co-NiO cathode samples to identify the
changes due to interaction in molten carbonate. Fig. 12
shows the XRD pattern of nickel and cobalt-coated nickel
cathodes treated in molten carbonate under cathode gas
conditions for a period of 300 h. XRD pattern of Ni tape
is characterized by peaks corresponding to NiO, while that
of Co-NiO shows a different pattern due to the presence of
mixed oxides.
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4. Conclusion

Nickel cathodes for MCFC were made by a tape casting
and sintering process. Subsequently, they were treated
using a surface modification technique wherein a thin
film of cobalt was formed over the sintered tape. SEM
analysis on nickel and cobalt-encapsulated nickel electrodes
show morphological changes in case of cobalt-coated elec-
trodes. It was found that cobalt-coated electrodes have a
lower solubility in the molten carbonate melt when com-
pared to bare nickel electrodes in the presence of cathode
gas conditions. The solubility decreased more than 50% due
to microencapsulation with cobalt. The Co—NiO, thermal
oxidation rate was much lower in case of cobalt-encapsu-
lated electrode. The i~V characteristics and polarization
behavior for Co-encapsulated NiO are different from that
of NiO. A small increase in polarization in case of Co-NiO
was seen to be due to reduced exchange current density.
Impedance spectroscopic studies do not indicate any change
in mechanism in case of Co-NiO when compared to
NiO. Co-NiO composite can be regarded as an alternative
cathodes for MCFC. This composite improves the corro-
sion properties of conventional nickel oxide cathodes in
MCEFC.
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