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Preparation and Property of a Composite-Based Cathode

for Molten Carbonate Fuel Cells
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Abstract: A composite-based cathode (LiCoO,-CeO,-Ni) for molten carbonate fuel cells (MCFCs) was prepared by
electrophoretic deposition (EPD) technique using two kinds of nanoparticles, LiCoO, and CeO,. The deformation
and dissolution of the base cathode were studied under simulated conditions of MCFC and the cathode surface
was also analyzed. The results indicate that the base cathode has a negligible deformation and a lower dissolution
rate compared with that of the Ni-based cathode. The nanoparticles layer on the surface of the cathode is very
compact and the nanoparticles combine well with Ni matrix to form a stable new phase, which can effectively

inhibit the deformation and dissolution of the material.
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The molten carbonate fuel cell (MCFC) is expected salts into electrolyte!, developing alternative cathode

to be one of the most promising energy conversion materials® etc.. Among them, LiFeQ, cathode shows a

devices that convert chemical energy directly into
electricity. It is also a highly efficient and environ-
mentally clean source of power. However, the degrada-
tion of cathode materials due to NiO dissolution
problem is one of the major lifetime-limiting factors of
the molten carbonate fuel cell'. Considerable efforts
have been devoted to solve this problem, such as using

alternative electrolyte or adding alkaline earth metal
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negligible dissolution rate but unfortunately a very low
performance probably due to the properties of intrinsic
materials, such as poor catalytic activity and electrical
conductivity™. LiCoO, was considered the most promi-
sing alternative cathode material due to its low
solubility in molten carbonate and acceptable electro-
chemical performance compared with NiO®7, So far, no

candidate material made of a single component can
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totally substitute lithiated NiO. Advantages of NiO in
aspect of electric conductivity and electrochemistry are
very attractive and are desired to be preserved in new
materials, and thus new cathode materials containing
NiO composition are promising for MCFC and have
been investigated to some extent®'?, Surface modifica-
tion of the electrode material is considered as an
effective method for improving the surface properties
while maintaining bulk properties of the material. Many
attempts have been made to cover NiO surface with some
layers of stable materials so as to alleviate NiO dissolu-
tion”**, The stable materials coated on NiO/Ni surface
mainly encompass LiCoO,"*'%, CoO!", Co;0,M",
Ce0,?# LiFe0,™! Co™?. Hereinto, oxides of cobalt
are the most commonly used coating materials because
they are capable of forming a stable new phase on the
surface of nickel matrix by interacting with nickel in
electrolyte. In addition, materials made of /or modified
by some of rare earth oxides are also thought as
promising cathodes for MCFC*!'"3. And the cathode of
NiO coated with Ce implies a greater endurance and
possesses a better cell performance than that of the
commercial nickel cathode®.

In this work, the intention is to modify Ni-based
cathode with a mixture of LiCoO, and CeO, nanopar-
ticles by use of electrophoretic deposition (EPD)
technique so as to obtain a new base-cathode, LiCoO,-
CeOx-Ni. The surface of the new material was
those of Ni-based

cathode, the deformation and dissolution of the new

characterized. Compared with

material are remarkably reduced under conditions of a
simulated startup stage of a MCFC. The new base
cathode with good mechanical strength is convenient for
installation of MCFC stack, and is able to convert in
situ into LiCo0,-Ce0,-NiO working cathode, which is
expected to have good performances and to be useful for

application in MCFC.
1 Experimental

1.1 Synthesis and characterization of
nanoparticles
The two nanoparticles, LiCoO, and CeO,, were

synthesized by using metal nitrates, such as LiNO;,

Co(NO3),-6H,0 and Ce(NOs);-6H,O (purity: 99%;
Shanghai Hengxin Chemical Reagent Co. Ltd., China),
as the starting materials and citrate acid as the fuel of
gel combustion. In the preparation for LiCoO, particles,
stoichiometric amounts of LiNOs;, Co(NO3),-6H,O and
citric acid were thoroughly mixed in distilled water by
using a hot plate with magnetic stirrer, at 95 °C for
about 2 h to obtain a viscous resin. Thereafter the
viscous resin was dried up in an oven at 135 °C, and
subsequently charred to ash at 350 °C, and then
calcined at 650 °C for 2 h in air. Similar to the
preparation for LiCoQO,, stoichiometric amounts of
Ce(NO3);+6H,0 and citric acid were thoroughly mixed,
and then the same procedure was followed to obtain
CeO, particles. The phase analysis for the two
nanoparticles was carried out with X-ray diffractormeter
(XRD, D8 Discover, Germany) under the following
conditions: graphite monochromatic copper radiation
(Cu Ka, A=0.154 18 nm); sodium iodide scintillation
detector; 40 kV as accelerating voltage; 40 mA as
emission current; and the 26 range of 10° ~90° for
LiCoO, and of 20°~120° for CeO, at a scan rate of 4° -
min . The size of LiCoO, and CeO, were estimated
using the Scherrer equation. The morphology of the
particles was characterized by Transmission Electron
Microscopy (TEM, JEOL-2010, Japan) under conditions
of 100 kV accelerating voltage and LaBg filament.
1.2 Preparation and characterization
Electrophoretic  deposition was performed in
suspension, consisting of the two nanoparticles and
suitable dispersant, which was chosen on the basis of
experiments conducted to measure the transparency of
the suspension. In the dispersant (25 mL isopropanol),
both particles (0.100 0 g, LiCoO, and CeO, with a molar
ratio of 4:1) were well dispersed. The scheme for process
of EPD was shown in Fig.1. The suspension was
thoroughly mixed and adjusted to a fit pH value (2~5).
Subsequently the nanoparticles of LiCoO, and CeO,
with a molar ratio of 4:1 in the suspension were
deposited simultaneously onto surface of porous nickel,
which was used as the cathode, and platinum foil was
used as the anode. In this process, the morphology and

deposit thickness on the surface of the porous nickel
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Fig.1 Scheme for preparation of composite-based

cathode

can be mainly controlled by the parameters such as
deposition voltage, time, pH value, and concentration of
suspension, given the distance between the two
electrodes is fixed. The samples were dried adequately
and weighed accurately before and after the deposition
in order to estimate a weight gain (Electronic analytical
balance, FA2004, Shanghai, China). And the deposited
samples were sintered at 650 °C in N, atmosphere for 1
h. Scanning electron microscopy (FE-SEM, ULTRA™
55, Germany) with 15 kV accelerating voltage and 10
A current and energy dispersive X-ray spectroscopy
(EDX, Horiba EX-200, Germany) coupled with SEM
were employed in the microstructural and componential
analysis for the deposited samples.
1.3 Deformation/dissolution tests

The in situ deformation-measuring system and the
experimental details have been described in reference®.
Similar to the previous test, the deformation of a 1 cm?
sample was tested in 3 g (LigeKoss),CO5 at 650 °C, and

the experimental atmosphere was a mixture of CO,, O,

and N, gases with the volume ratio of 0.20:0.15:0.65 at
a flow rate of 75 mL -min . The load applied to the
sample was about 3.51 x10° N -m 2 Following the
deformation tests, surface carbonate was removed, and
the post-experimental sample was then characterized by
SEM. The corresponding solubility of nickel ions was
determined by atomic absorption spectrophotometer
(AAS, Sollar M6, USA), after the melt was dissolved
with HNO; and brought to a constant volume of 250 mL

using distilled water.
2 Results and discussion

Fig.2 the and TEM

micrographs of LiCoO, and CeO, nanoparticles calcined

shows XRD  patterns
at 650 C. According to the Scherrer equation: D =
0.89A/(Bcos#) (eq. 1) (D is the crystallite size, A the
wavelength of the radiation, B the corrected peak width
at half-maximum intensity, and 6 the peak position), the
crystallite size of LiCoO, was about 30.71 nm and that
of CeO, was 16.43 nm. From the TEM images as shown
in Fig.2, nanosized LiCoO, and CeO, grains could be
clearly observed. The results indicate that both kinds of
particles possess good crystallinity and relatively
uniform size in nano scale.

Many EPD experiments were carried out in order
to acquire ideal composite-based cathode possessing
good morphology and thin depositing layer. Fig.3
indicates that the morphology and composition of the
samples obtained under optimal preparation conditions.
The covering layer, consisting of nanoparticles, was

uniform and compact. The thickness of the layer was

(a) LiCoO,

Intensity (a.u.)

(b) CeO,

Intensity (a.u.)

20 40 60 80 100
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20/ ()

Fig.2 XRD patterns and TEM images of (a) LiCoO, and (b) CeO, nanoparticles prepared at 650 °C
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Fig.3 SEM images of porous (a) nickel and (b) LiCoO,-CeO,-Ni

thin enough to maintain the original porous structure as
shown in Fig.3(a). The cobalt and cerium were observed
in EDS spectra of the samples, proving that the two
types of nanoparticles were simultaneously modified on
the surface of porous nickel. However, it is noted that
the molar ratio of Co/Ce in the coating is about 2
instead of 4 in the suspension. The result manifests that
Ce0, particles are more easily deposited than LiCoO,,
probably due to the smaller size of CeO, (~16 nm) than
that of LiCoO, (~30 nm) in this work. The XRD results
are shown in Fig.4. In the XRD pattern of porous
nickel, the major peaks appear at 44.6°, 51.9°, 76.5°,
93.0°. Compared with that of porous nickel, two new
weak peaks appear at 19.0° and 28.5° for the XRD
®
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Fig.4  XRD patterns of porous (a) nickel and (b) LiCoOy-
CeO,-Ni

pattern of the deposited sample shown in Fig.2, which
are respectively designated as characteristic peak of
LiCo0, and Ce0,. The low intensities for the new peaks
are possibly attributed to a minor amount of
nanoparticles, which forms the thin coating on the
nickel surface and only produces about 1% weight gain.
The XRD result also manifests that both nanoparticles,
LiCo0O, and Ce0,, are simultaneously modified on the
surface of the porous nickel, in good agreement with
EDS result mentioned above.

Early deformation of cathode material, occurring
in the startup stage of actual MCFC, has also been
confirmed to be a potential danger to short circuit and
to be another significant factor resulting in short cell
life™. Therefore, the deformation and dissolution of
base cathode materials were studied under conditions of
a simulated startup stage of a MCFC and the results are
shown in Fig.5. Curve (a) indicates that the porous
nickel deforms severely during its in situ oxidization/
lithiation. Compared with the porous nickel, the
composite-based cathode, LiCoO,-CeO,-Ni, has only
minor deformation in the process of transforming in situ
into the working cathode, as shown by Curve (b).

Fig.6 presents SEM images of post-test samples
after removal of surface carbonates. Compared with that

of the pretest porous nickel, the morphology of the post-
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Fig.5 Deformation curves of porous (a) nickel and (b)

LiCo0O,-CeO,-Ni during their oxidation/lithiation
in molten carbonate under a load of 3.51x10° N-
m™ in cathodic atmosphere
test nickel is obviously changed and lots of needle
the The

projections are presumed that the dissolving nickel ions

projections appear on sample surface.

in melts re-precipitate on the surface of materials by
combining oxide ions™. On the contrary, no needle
projections are observed on the surface of the composite
material, instead, a uniform layer consisting of
nanoparticles of LiCo0,/Ce0, is found to cover the
surface as it is pre-tested. The results from EDS
mapping images in Fig.7 for the post-experimental

'*a 5 g o ]

5.0kV 8.7mm x500 SE(M)

composite show that elements in the layer, Co and Ce,
distribute homogeneously and are in accordance with
Ni element in the matrix, manifesting that the deposited
layer after tests is still uniform and compact. XRD
peaks of NiO, instead of those of Ni, are found in the
XRD pattern of the post-test composite sample in Fig.8
(c). The XRD peak for CeO, at 28.5° is still observed,
while that for LiCoO, disappears. The XRD results
manifest that the composite-based cathode, LiCoOa-
CeOx-Ni, has into LiCo0,-Ce0,-NiO
working cathode after tests. Moreover, by interacting
with Ni and O during the oxidation/lithiation of the
LiCoO, the

a new phase, resulting

transformed

surface
the
disappearance of LiCoO, peak at 19°. Existence of the

composite-based cathode, on

probably forms in
new phase on the surface is confirmed by followed
Raman analysis. As can be seen from Fig.9(a), the
spectrum for LiCoO, powder has two strong Raman
bands at 485 and 597 cm™. By contrast, the spectrum of
the LiCoO,-NiO (in Fig.9(b)) only has one broad band at
511 em 7, which is assigned to the new phase of
LiCo,Ni; O that possesses a very slow dissolution rate

and good electrochemical performance™ . The Raman

Fig.6 SEM images of post-experimental porous (a) nickel and (b) LiCoO,-CeO,-Ni
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Fig.7 SEM image and nickel, cobalt and cerium elements mapping images of the post-test LiCoO,-CeO,-Ni

spectrum of the LiCoO,-CeO,-NiO cathode (Fig.9 (c)) 2000 __
a CeO,
shows not only a broad band at 511 em™ but also a £ 2oom “
. . . 1 600 8 30000
weak band at 465 ¢cm ™, which is attributed to CeO, ~ 5 0o
vibration. Therefore, Raman spectra in Fig.9 prove the £ 12001 S W S0 G 70 s
=3 ‘avenumbers / cm™
formation of LiCo,Ni,_, O new phase and the presence of § %00
. . 2 1
Ce0, on the surface of the ternary composite material Z
Q
after tests. g 4004
0_
~ 300 400 500 600 700 800
=} Wavenumbers / cm™
y
3 ha o (c) Fig.9 Raman spectra of (a) LiCoO, powder, (b) LiCoO,-
G
g 2 = =g g Ni after test, (¢) LiCoO,-CeO,-Ni after test
el my|[ele]| o - . o
£ i . st ) Table 1 shows the concentration of nickel ions in
=l= =<l | % g g Li/K,CO; melts after deformation tests. The nickel
<|g SO . e . . .
oo o oo l I solubility of LiCoO,-CeO,-Ni sample is greatly reduced
. o wirisein (a)
0 20 40 60 80 100 120 Table 1 Concentration of nickel ions in (Lijq/K,35),CO5
20/ (° .
© after deformation tests for 80 h
W LiCoO,, V: CeO,, @: Ni, ®: NiO
After 80 h deformation test C\it / (mg-L™)
Fig.8 XRD patterns of (a) NiO, (b) LiCoO,-CeO,-Ni
N
before deformation test, (c) LiCoO,-CeO,-Ni\ Porous Ni 2893 6
Porous LiCo0O,-CeO,-Ni 0.862 9

after deformation/dissolution test of 80 h
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compared with that of pure porous nickel. The
mechanism of deformation and dissolution of porous
nickel during oxidatin/lithiation under a load has been
elucidated®*). The thin NiO layer on the surface of
porous nickel is inclined to spall into the melts due to
CO, gas

decomposes to supply the oxide ions consumed by the

evolution when the molten carbonate
oxidation of nickel during the oxidation /lithiation, and
the load applied to sample accelerates the spalling.
Accordingly, it can be deduced that the compact
ceramic layer modified on the surface of porous nickel
can avoid a direct contact between porous nickel and
molten carbonates, thus effectively precluding the
earlier NiO layer from spalling into melts during
oxidation/lithiation of nickel, moreover, the new highly
lithiated phase formed on the surface of the composite-
based cathode is quite stable in the melts and can thus

further inhibit the nickel dissolution.

3 Conclusions

A base cathode material for molten carbonate fuel
cells, LiCoOyCeO,-Ni, was prepared by EPD
technique. SEM, EDS and XRD results for the
composite material indicate that the two kinds of
nanoparticles, LiCoO, and CeO,, are simultaneously
modified on the surface of porous nickel and form a
uniform and compact thin layer. The composite material
possesses a very good anti-deformation performance
and a low dissolution rate, due to the presence of
compact ceramic layer on nickel surface. Therefore, the
new material is convenient for installation of a MCFC
stack due to its good strength and its ability to convert
in situ into the working cathodes during the MCFC
startup stage. Also, the very short preparation time for
the new material is suitable for industrial production on

a large scale.
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