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Abstract

Co/Mg solid solution coated Ni powder, where Mg-doped LiCoO2 is coated on NiO in molten carbonate, has been used as a new cathode
material to reduce the solubility of NiO and to maintain the advantages of NiO cathode. The (Co/Mg)-coated NiO cathode was prepared by a
coating Co/Mg solid solution on the surface of the Ni powder using a PVA assisted sol–gel method. The phase changes of the (Co/Mg)-coated
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i powder after immersed into Li/K eutectic carbonate mixtures at 550C∼ 850 C for 48 h was performed by XRD and Raman. SEM
sed to study the particle morphologies. Co/Mg solid solution was coated on the surface of the Ni powder and Li(NiCoMg)O2 is formed on
iO in molten carbonate. It is expected that the Li(NiCoMg)O2 phase will reduce the solubility of NiO cathode in molten carbonate.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Nickel oxide (NiO) is commonly used as the cathode for
he molten carbonate fuel cell (MCFC) for its stability in car-
onate melt and an oxygen atmosphere and because of its high
lectrical conductivity. But the dissolution of the state of the
rt cathode material NiO into the electrolyte is one of the ma-

or technical obstacles to the commercialization of the MCFC
1–3]. NiO is known for dissolving into molten carbonate by
n acidic dissolution mechanism[4]. This dissolution leads

o the formation of Ni2+, which diffuses, from the cathode to-
ard the anode under a concentration gradient. The dissolved
i2+ precipitates in the matrix, where it encounters dissolved
2 proceeding from the anode side. Continuous deposition
f metallic nickel across the cell forms bridged grains and
ventually short-circuiting of the cell[5,6]. Lots of studies
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have been carried out to solve this problem[7–12]. One was
to adjust the composition of the carbonates to retard dis
tion of nickel oxide and the other was to find an alterna
material to replace nickel oxide. Currently, LiCoO2 seems to
be one of the best candidate materials due to its higher s
ity and lower solubility than NiO in molten carbonate. Al
it has a lower but still acceptable electrical conductivity
the MCFC cathode[8]. However, application of LiCoO2 as
a new cathode has problems for the scaled-up electrod
because LiCoO2 sheet is too brittle, and because LiCoO2 has
a relatively high manufacturing cost[9,13–16]. Therefore
many investigators have attempted to obtain an altern
cathode such as a Co-coated Ni cathode. This cathod
lower solubility and higher electrochemical performance
that of the NiO cathode[17–19]. However, further studie
are necessary in order to reduce solubility and to improv
electrochemical performance of the cathode for the MC

The conductivity of LiCoO2 at room temperature can
increased by over two orders of magnitude by partial su
tution of Co3+ with Mg2+ [20,21]. MgO is known to mak
a solid solution with Co3O4 at any ratio[22]. In this study
a Co/Mg solid solution coated Ni powder, where Mg do
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.11.031
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Fig. 1. Experimental procedure for preparation of (Co/Mg)-coated Ni pow-
der using PVA assisted sol–gel method.

LiCoO2 is coated on to NiO in molten carbonate, has been
synthesized as a new cathode material to reduce the solubil-
ity of the cathode and to maintain the advantages of the NiO
cathode.

2. Experimental

2.1. Preparation of (Co/Mg)-coated Ni powder

The (Co/Mg)-coated Ni powder was prepared from a
Co/Mg solid solution by a PVA assisted sol–gel method.
This procedure is illustrated inFig. 1. Stoichiometri-
cally, Cobalt(II) acetate tetrahydrate [(CH3COOCo)2·4H2O,
>98%, Aldrich] and magnesium acetate tetrahydrate
[(CH3COOMg)2·4H2O, >99%, Aldrich] were dissolved in
distilled water. Another solution as a chelating agent was
prepared by dissolving polyvinyl alcohol (PVA, degree of
polymerization 1500, Junsei) in distilled water with mechan-
ical stirring. The molar ratio of PVA versus metal ions in
the solution was 6:1. While the PVA solution was constantly
stirred, the metal acetate solution was well mixed with the
polymer solution. The Ni powder was added to the mixed
solution. The resultant solution was heated at 70–80◦C and
constantly stirred until the precursor gel was produced. The
precursor gel was calcined at 500◦C for 3 h to obtain the
(
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der was cleaned with 1 M CH3COOH, and then the powder
was washed with distilled water and dried in an oven. Af-
ter drying, the composition and the surface morphology of
the powders were analyzed with XRD, Raman spectrometry
and SEM.

2.3. Preparation of the (Co/Mg)-coated NiO cathode

The (Co/Mg)-coated Ni cathode was made by the usual
tape-casting method. Binder (0.3 g, MC1500, Hanawa Co.,
Japan), plasticizer (1.38 g, glycerol, Junsei Co., Japan), and
deformer (0.3 g, SN1540, San Nopco Ltd., Korea) were
added into the solvent (H2O) for ball milling for 24 h.
Then (Co/Mg)-coated Ni powder (30 g) and dispersant (0.3 g,
Cerasperse 5468, San Nopco Ltd., Korea) were added and
ball-milled for 4 h. After ball milling, the slurry was com-
pletely degassed using a ROTOVAP evaporator. The slurry
was tape-cast with a double doctor blade assembly to get a
cathode green sheet. The (Co/Mg)-coated Ni sheet was dried
slowly at room temperature for 24 h. After drying, it was
heat treated (with a rate of 3◦C min−1) under a reducing at-
mosphere (H2) at 1000◦C for 2 h.

2.4. Solubility test

The solubility of the (Co/Mg)-coated Ni cathode was mea-
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Co/Mg)-coated Ni powders.

.2. Lithiation of the (Co/Mg)-coated Ni powder

In order to investigate the phase change of the (Co/M
oated Ni powder with different (Co/Mg) mole fractions u
er the actual MCFC operation conditions, the lithiation tr
ent was performed at various temperatures (550, 650
nd 850◦C) in (Li0.62K0.38)2CO3 under a CO2:O2 (67:33%)
tmosphere for 48 h. The carbonate on the lithiated p
ured in a (Li0.62K0.38)2CO3 eutectic melt. The same exp
mental apparatus for the Co-coated Ni cathode solub

easurement was used[17]. 1.5 g of (Co/Mg)-coated Ni cath
de was immersed into 100 g (Li0.62K0.38)2CO3. The inlet ga
as a CO2:O2 (67:33) gas mixture, which was blown in
50◦C. Equilibrium solubility was determined by removi
∼0.3 g aliquot of molten carbonate from the melts at the
ointed time using an alumina pipette. Each liquid carbo
ample was transferred to a clean alumina crucible, wh
olidified. Then the sample was dissolved in 1 M HNO3 to
nalyze the concentration of Ni dissolved into the carbo
elt by inductively coupled plasma atomic emission s

roscopy (ICP–MS).

. Results and discussion

.1. The (Co/Mg)-coated Ni powders

TGA and DSC results of the gel precursors are show
ig. 2. The weight loss of the gel precursors terminated
00◦C in three discrete steps. The first weight loss step
urred between 150 and 200◦C due to water evaporation a
howed an endothermic reaction curve. The second w
oss step between 350 and 400◦C was attributed to the r

oval of the acetate. The last weight loss step showe
xothermic reaction curve between 400 and 500◦C becaus
f the combustion of PVA and organic residues. When

emperature rose beyond 500◦C, a slow weight gain appear
ue to the oxidation of the metal surface. According to
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Fig. 2. TGA–DSC curves for the (Co/Mg)/Ni precursor.

TGA and DSC curves, the calcinations temperature of the gel
precursor should be 500◦C.

Fig. 3shows the XRD patterns of the (Co/Mg)-coated Ni
powder obtained after calcination treatment of the gel precur-
sor at various temperatures in air for 3 h. As the temperature

increases, the intensities of the XRD peaks for Ni decrease ac-
cordingly, and those of NiO increase. Also, the XRD patterns
showed major peaks of Co3O4 at 19.016, 31.298, 36.883,
44.848, 59.411 and 65.297◦ (2θ) when the (Co/Mg)-coated
Ni powder precursor was calcined above 400◦C. As the tem-
Fig. 3. XRD patterns of the (Co/Mg)-coated Ni po
wder after heat treatment at various temperatures.
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Fig. 4. XRD patterns of (Co/Mg)-coated Ni powder with different (Co/Mg) mole fractions after calcination at 500◦C.

perature increases, the peaks of Co3O4 were shifted to higher
angle because of the formation of a Co/Mg solid solution on
the surface of the Ni powers.

Fig. 4shows XRD patterns of the (Co/Mg)-coated Ni pow-
ders with a different (Co/Mg) mole fraction after calcination
at 500◦C. As the amount of Mg increases, the major peaks of
Co3O4 at 36.88◦ were shifted to a higher angle.Fig. 5shows
SEM images of the (Co/Mg)-coated Ni powders after calci-
nations at 500◦C. From these SEM images, we can see that
the surface of the Ni powder is covered with small particles.
Therefore, we may guess that the small particles coated on
the surface of the Ni powders are the Co/Mg solid solution.

3.2. Lithiated (Co/Mg)-coated Ni powders

In order to investigate the phase change of the (Co/Mg)-
coated Ni powder in the molten carbonate, lithiation treat-
ment was performed at various temperatures (550–850◦C)
in (Li0.62K0.38)2CO3 under air atmosphere for 48 h. The
XRD patterns of the lithiated (Co/Mg)-coated Ni powders
are shown inFig. 6. Based on the XRD patterns, the lithi-
ated (Co/Mg)-coated Ni powders show two different struc-
ture types. The XRD peaks of NiO appear at 37.312, 43.334,
62.974, 75.516 and 79.479◦, and those of LiCoO2 at 18.947,
37.425, 45.281, 59.640 and 65.494◦ (2θ) after the (Co/Mg)-

rs with
Fig. 5. SEM images of the (Co/Mg)-coated Ni powde
 different (Co/Mg) mole fractions after calcination at 500◦C.
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Fig. 6. XRD patterns of the (Co/Mg)/Ni after immersion in Li/K carbonate
at various temperatures for 48 h.

coated Ni powder was heated in molten carbonate at 550,
650, 750 and 850◦C. When the (Co/Mg)-coated Ni pow-
der was heated in molten carbonate at 550◦C, the peaks of
the LiCoO2 phase were not observed at 45.281◦. However,
significant LiCoO2 peaks were detected when the powder
was heated above 650◦C. Fig. 7shows XRD patterns of the
(Co/Mg)-coated Ni powder with different (Co/Mg) mole frac-
tions after immersion in Li/K carbonate at 650◦C for 48 h.
The XRD patterns showed major peaks of LiCoO2 at 18.947,
37.425 and 45.281◦. As the Mg content increases, peaks of

the LiCoO2 were shifted to a higher angle direction due to Mg
diffused into LiCoO2 to form Li(Co1−xMgx)O2. This result
was confirmed by Raman spectroscopy.

Fig. 8 shows Raman spectra of the (Co/Mg)-coated Ni
powers with a different (Co/Mg) mole fraction after immer-
sion in Li/K carbonate at 650◦C for 48 h. The spectrum for
LiCoO2 was dominated by strong bands located at 485 and
597 cm−1 which from the group factor analysis of theD5

3h
spectroscopic symmetry was attributed to theA1g andEg
species, respectively[23]. However, for Co-coated Ni pow-
ers, a broad band located around 510 cm−1 dominates the
spectrum for LiCo1−yNiyO2 [12,18]. As the amount of Mg
increases, the band of LiCo1−yNiyO2 shifted to a higher fre-
quency direction and its intensity decreased drastically due to
an increase of the electronic conductivity by Mg diffused into
LiCo1−yNiyO2 [23,24]. The conductivity of LiCoO2 at room
temperature can be increased by over two orders of magni-
tude by partial substitution of Co3+ by Mg2+. The conductiv-
ity of LiMg xCo1−xO2 decreased initially and then increased
rapidly to achieve a constant value forx≥ 0.04[20].

3.3. The (Co/Mg)-coated Ni cathode

The electrode structure is one of the principal factors de-
termining cell performance in MCFCs because the electrode
r phase
b dis-
t he
p ath-
o out
5 de

) mole
Fig. 7. XRD patterns of (Co/Mg)/Ni with different (Co/Mg
eaction takes place mainly near the meniscus (three
oundary). For high performance, appropriate pore size

ribution (6–10�m) and porosity (60–80%) is required. T
ore size distribution curve of the (Co/Mg)-coated Ni c
de is shown inFig. 9. The mean pore diameter is ab
–6�m. The porosity of the (Co/Mg)-coated Ni catho

fractions after immersion in Li/K carbonate at 650◦C for 48 h.
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Fig. 8. Raman spectra of (Co/Mg)/Ni with different (Co/Mg) mole fraction after immersion in Li/K carbonate at 650◦C for 48 h.

is about 60–70%, which was measured by a standard test
method applying Archimedes’ principle (ASTMC378-88).
The pore size distribution and the porosity of the (Co/Mg)-
coated Ni cathode are almost same as those of the general
NiO cathode (pore size: 6–10�m; porosity: 60–80%). The
(Co/Mg)-coated Ni cathode is shown as likely to have a proper
pore structure for the MCFC cathode.

Fig. 10 shows SEM images of cross section of the
(Co/Mg)-coated Ni cathode after sintering at 1000◦C for 2 h
in H2. From SEM images, the morphology of the (Co/Mg)-

coated Ni cathode was similar to the pure Ni cathode. It kept
the branched structure of primary nickel well and the surface
of the NiO was deposited with many small particles, which
looks like a homogeneous morphology. The composition of
the small particles deposited on the NiO surface was ana-
lyzed by line scanning with SEM, which are shown inFig. 11.
Where part (a) is the image of the magnified (Co/Mg)-coated
Ni cathode and part (b–e) are the line scanning results of
Mg, Co, Ni and O, respectively. From these line-scanning
images, we can see that mostly Mg and Co were distributed

n curve
Fig. 9. The pore size distributio
 s of the (Co/Mg)-coated Ni cathode.
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Fig. 10. SEM images of the (Co/Mg)-coated Ni cathode after sintering at
1000◦C for 2 h in H2.

in the small particles. Therefore, we may guess that small
particles on the surface of the NiO are the solid solution of
Co3O4/MgO. And furthermore, the results suggest that the
(Co/Mg)-coated Ni cathode will form a stable Mg diffused
LiCoyNi2−yO2 phase during cell operation due to in situ lithi-
ation of the (Co/Mg)-coated Ni cathode.

3.4. Solubility test

The solubility curves of the NiO cathode, the Co-coated
Ni cathode, and the (Co/Mg)-coated Ni cathode in carbonate
melt at 650oC under CO2:O2 (67:33) are shown inFig. 12.The
solubility of NiO cathode and Co-coated Ni cathode in car-
bonate melt were about 3.035× 10−5 and 1.271× 10−5 in
mol fractions, respectively[17]. The Co-coated Ni cathode
could retard the dissolution of NiO in molten carbonate due
to the formation of the stable LiCo1−yNiyO2 phase on the sur-
face of NiO[17,19]. However, the solubility of the (Co/Mg)-
coated Ni cathode was significantly decreased compared to
the other cathodes. It was about 0.661× 10−5 in mole frac-
tions, which was about half of the Co-coated Ni cathode and
one-fifth of the NiO cathode. The decrease in solubility of the
(Co/Mg)-coated Ni cathode in the carbonate melt was due to
the formation of Mg diffused LiCoyNi1−yO2 on the surface
of the NiO, and this phase slows the rate of nickel dissolution
in the carbonate melt. The results indicated that CoO /MgO

Fig. 11. Line scanning of the (Co/Mg)-coated Ni cathode after sintering at
1000◦C for 2 h in H2.

solid solution deposited NiO cathode might be more stable
than the Co-coated NiO cathode in the molten carbonate at
650◦C.

Fig. 13shows the SEM image of the (Co/Mg)-coated Ni
cathode before and after the solubility test. The structures of
the cathode before and after the solubility test are almost same
in the network structure, particle sizes and pore sizes. The
results indicate that the prepared (Co/Mg)-coated Ni cathode
can be used as a MCFC cathode in longterm operation.
3 4
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Fig. 12. The solubility of the NiO and the (Co/Mg)-coated Ni cathodes in (Li0.62K0.38)2CO3 at 650◦C under CO2:O2 (67:33).

Fig. 13. SEM images of the (Co/Mg)-coated Ni cathode (a) before and (b)
after solubility test at 650◦C in CO2:O2 (67:33).

4. Conclusion

A new cathode material for a MCFC have been prepared
by a coating of Co/Mg solid solution on the Ni powder surface
using a PVA assisted sol–gel method. The average pore size

of the (Co/Mg)-coated Ni cathodes are almost same as the
NiO cathode.

The solubility of the (Co/Mg)-coated Ni cathode is about
half that of the Co-coated Ni cathode and one-fifth of the NiO
cathode. The decrease in solubility of the (Co/Mg)-coated Ni
cathode in a carbonate melt is due to the formation of Mg
diffused LiCoyNi1−yO2 on the surface of the NiO and this
phase slows the rate of nickel dissolution in (Li0.62K0.38)CO3
under CO2:O2 (67:33%) atmosphere.

Further studies are in progress in order to investigate
the electrochemical performance of the (Co/Mg)-coated Ni
cathode.
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