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Abstract

The properties of a new cathode material of nano-sized TiO,-coated Ni powder for application in molten carbonate fuel cells (MCFCs) are
investigated. The material is prepared by a sol-gel method. X-ray diftraction (XRD), field emission-scanning electron microscopy (FE-SEM)
with energy dispersive X-ray analysis (EDAX), transmission electron microscopy (TEM) and Raman spectroscopy are employed to characterize
the cathode material. The nano-sized TiO, particles are homogenously coated on the surface of the Ni powder. A stable LiTi;_,Ni, O, phase
is formed on the surface of the Ni powder during immersion in molten carbonate at 650 °C. The solubility of the TiO,-coated Ni cathode is

about 50% lower compare with that of a pure Ni cathode.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The molten carbonate fuel cell (MCFC) is expected to
provide a highly efficient and environmentally clean means
of power generation [1,2]. To be commercially viable, the
MCEFC should show stable performance for over 40,000 h
[3]. There are several problems in achieving this target, one
of which is slow dissolution of the state-of-the-art cathode
material, NiQO, into the electrolyte [4]. This leads to precip-
itation of nickel into the matrix on the anode side under the
prevailing reducing conditions that, in turn causes the forma-
tion of a short-circuit in the cell. In addition, dissolution of
NiO may coarsen the cathode structure and thereby give rise
to deterioration of cathode performance [5,6]. Two different
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methods have been adopted to solve this problem. One is
to use an alternative electrolyte. More basic molten carbon-
ate using Li/Na eutectic carbonates instead of Li/K eutectic
carbonates [7,8] or the addition of alkaline earth metal salts
based on Mg or Sr [9] have been found to decrease the
rate of Ni dissolution in the electrolyte. The other method
is to develop an alternative cathode material. Among many
investigated materials, LiCoO;, has been considered to be
the most promising alternative cathode material because of
its higher stability in molten carbonate and slower dissolu-
tion rate compared with NiO. Application of LiCoO; has
problems in terms of scale-up of the electrode area and also
has a relatively high manufacturing cost. Recently, LiCoO»-
coated NiO, Lag gSrg.2Co0O3-coated NiO, Co-doped Li-NiO
and Co3O4-coated Ni [ 10-16] have been investigated for suit-
ability as MCFC cathode materials.

Titanium is very resistant to corrosion due to the forma-
tion of a passive titanium oxide layer at high temperature.
This coating can be used to protect different metals and
hence to decrease their corrosion rates [17]. Titanium species
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have been studied under MCFC operating conditions by sev-
eral investigators [18-21]. Thermodynamic predictions of
the stability have been established for both anodic condi-
tions (Hy/CO,/H,O/CO) and cathodic conditions (O2/CO5)
[19,20]. Li» TiO3 is known to be the only stable phase in both
Li/K and Li/Na eutectic carbonate melts. The electrochemi-
cal behaviour of the Ni-Ti alloys has been investigated [18]
in molten Li/Na eutectic carbonates at 650 °C under the usual
MCEFC cathodic conditions. In view of these studies, titanium,
titanium oxide, and Ni-Ti alloys are candidate materials for
MCEFCs.

In this study, we have prepared a new alternative cathode
material, viz., TiO,-coated Ni powder, using a polymeric pre-
cursor and a sol-gel method. With this method, scale-up of the
cathode by powder coating can be easily achieved. The phase
changes of TiOj-coated Ni powder have been investigated
through in situ oxidation in (Lig ¢2Ko 38)2CO3. The stability
performance of the prepared cathode in molten carbonate has
been assessed by means of solubility measurements.

2. Experimental
2.1. Material synthesis

The TiOy-coated Ni powder was prepared by a sol-gel
method via the procedure shown in Fig. 1. A stoichiomet-
ric amount of titanium coating solution (an acidic solution
of (NH4)2TiO(C204)2-H>0, Aldrich Chem., USA, purity of
99.9+%) was dissolved in water with citric acid (Aldrich
Chem., USA, purity of 99.5+%) and ethylene glycol. The cit-
ric acid was used as a chelating agent to prevent segregation
of the titanium species. After that, Ni powder (filamentary
nickel type 255, Inco, USA) was immersed in the solution.
The molar ratio of citric acid to ethylene glycol to total metal
ions in the solution was 2:1:1. The resultant solution was
heated and stirred at 80 °C until a gel precursor was produced.
After about 1 h, when water was eliminated, the polymeric
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Fig. 1. Procedure for preparing TiO»-coated Ni powder.

gel was calcined at 500 °C for 3h in a crucible to remove
organic substrate and all decomposable materials.

2.2. Immersion tests

In order to observe phase changes through in situ oxidation
of the TiO;-coated Ni powder in (Lig2Ko33)2CO3, a 2¢g
sample of TiO;-coated Ni powder and 25 g of (Li:K),CO3
(62:38 mol%) were placed in an alumina crucible and heated
at 650 °C under an air atmosphere for 48 h. The carbonate
on the lithiated powder was cleaned with acetic acid, then
washed with distilled water, and finally dried in an oven.

The Li content of the TiO,-coated Ni powder, after immer-
sion treatment in the molten carbonate, was analyzed by
atomic absorption spectroscopy (AAS). The sample powder
was prepared with various molar ratios of TiO,:Ni=0:1.0,
0.1:0.9, 0.2:0.8, 0.5:0.5, 1.0:0. A 0.1 g sample of lithiated
TiO,-coated Ni powder was dissolved in nitric acid (1 M,
5mL) for 24 h to obtain an analytical solution for AAS.

2.3. Tape-casting and sintering

The TiO;-coated Ni cathode was made by means of
the usual tape-casting method. A binder (2.5 g, MC1500,
Hanawa Co., Japan), a plasticizer (1.38 g, glycerol, Junsei
Co., Japan) and a defoamer (0.3 g, SN1540, San Nopco Ltd.,
Korea) were added to the solvent (25 g, toluene:ethanol = 3:7)
and subjected to ball milling for 24 h. Then, TiO,-coated
Ni powder (30g) and dispersant (0.3 g, Cerasperse 5468,
San Nopco Ltd., Korea) were added and ball-milled for
5h. The resulting slurry was completely degassed using a
ROTOVAP® evaporator. The TiO,-coated Ni sheet was dried
slowly at room temperature for 24 h. After drying, it was sub-
jected to heat treatment (at a rate of 3 °C per min) under a
reducing atmosphere (Hz:N» =30:70%) at 750 °C for 30 min.

2.4. Solubility tests

A 2g sample of the TiO, (2.5, 5.0 mol%)-coated Ni
cathode and a pure Ni cathode were immersed in 100 g
(Lip.62K0.38)2C0O3 under at CO;:07 (67:33%) atmoshphere
at 650°C for 250h. The equilibrium solubility was deter-
mined by removing a ~0.3 g aliquot of the molten carbonate
from the melts at the appointed time with an alumina pipette.
Each liquid carbonate sample was transferred to a clean alu-
mina crucible, where it was solidified. The melt was purified
by a method reported previously [22] and the same design of
experimental apparatus for NiO solubility measurement was
used. The molten carbonate sample was dissolved in nitric
acid (1 M). The content of Ni dissolved into the carbonate
melt was determined by AAS.

2.5. Instrumentation

The thermal behaviour of the precursor solution was
investigated by thermogravimetric and differential scanning
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calorimetry (TGA/DSC, SDT2960). The crystal structures
of the as-synthesized powders were determined by X-ray
diffraction (XRD, Rigaku Geigerflex DMAX-IIA) with radi-
ation of Cu Ka and at a scan speed of 0.04°s~! over a 20
range of 15-80°, as well as by Raman spectrometry (Jasco,
NR-1100, Coherent Innova 70 series Ar ion laser). The mor-
phology and size of the synthesized powders were observed
with a field emission scanning electron microscopy (FE-
SEM, Hitachi 6300) with energy dispersive X-ray analysis
(EDAX) and with a transmission electron microscope (TEM,
Philips CM30). The Li content of the lithiated TiO»-coated
Ni powder and the content of Ni dissolved in the carbon-
ate melt were measured by AAS. Porosimetry (Micromeritic
9220) was used to measure the pore-size distribution of the
cathodes. A standard test method based on Archimedes’ prin-
ciple (ASTM, C378-88) was used to determine the porosity
of the cathodes.

3. Results and discussion
3.1. Preparation of TiO»-coated Ni powder

In order to evaluate the thermal behaviour of the gel pre-
cursor, a TGA-DSC technique was employed. The TGA and
DSC data for the gel precursors are shown in Fig. 2. In the
TGA curve, there are three discrete weight-loss steps between
20 and 250°C, 250 and 360 °C, and 360 and 500°C. The
first sharp loss in mass is mainly caused by the removal of
water and ethylene glycol in the gel precursor and dehydra-
tion of the citric acid —CH,—CHOH— units to —-CH=CH—.
The second mass loss (250-360 °C) is attributed mainly to
the decomposition of the citric acid. The final mass loss
(360-500 °C) is mainly associated with the decomposition
of ammonium oxalate. The DSC curve for the gel precursor
confirmed the results of the TGA analysis. The endothermic
peaks at 20-250 °C are due to removal of water, and ethylene
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Fig. 3. XRD pattern for TiO,-coated Ni powder obtained after calcination
of gel precursors at 500 °C for 3 h.

glycol, and to dehydration of the citric acid units [15]. The
exothermic peaks at 340-390 °C and 400-500 °C are asso-
ciated with the decomposition of citric acid and ammonium
oxalate, respectively. According to the TGA and DSC curves,
the calcination temperature of the gel precursors should be
500 °C, at least. An XRD pattern of the TiO,-coated Ni pow-
der obtained after calcination of the gel precursor at 500 °C
for 3h is presented in Fig. 3. The XRD pattern contains the
major peaks of TiO, (JCPDS, File no. 21-1272), Ni (JCPDS,
File no. 04-0850), and NiO (JCPDS, File no. 04-0835). The
Ti(IV) is known to transform easily into TiO; during calcina-
tion at 500 °C. Because of this, Ti particles are coated on the
surface of the Ni powder so that it reacts easily with oxygen
over a large surface area during heat treatment in air. The Ni
powder is oxidized during calcination at 500 °C and almost
no Ni remains in the metal form [23]. From lattice parameter
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Fig. 2. TGA and DSC curves for gel precursors for TiO;-coated Ni powder:

(a) TGA of gel precursors, (b) DSC of gel precursors.
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analysis, it is confirmed that the TiO; has not formed a solid
solution with the Ni after calcination at 500 °C.

The crystalline size can be calculated from the XRD pat-
tern. A sharp, intense peak corresponds to large particles
while broad, weak peaks correspond to small particles. The
TiO, diffraction peaks (JCPDS, File no. 21-1272) were used
to determine the crystallite size by means of the Scherrer
equation [Eq. (1)] [24]:

_ 0.94A 0
B(20) cos 6
where A is the wavelength of the radiation (1.54184 A for
Cu Ka radiation), B(26) is the corrected peak width at half-
maximum intensity (FWHM), 6 is the peak position, and L is
the crystallite size in nanometers. The crystallite size of the
TiO, particles is found to be about 20 nm after calcination at
500 °C. The TEM image and SAD (selected area diffraction)
pattern shown Fig. 4 are for synthesized TiO, powder from
calcination of ammonium titanyl oxalate + citric acid gel at
500 °C for 3h. The TEM images confirm the TiO, particle
size that is determined from XRD data. The TEM analysis
also reveals that the nano-sized particles have a wide size-
distribution below 50 nm, which is a slightly different to the
particle size obtained from XRD data. This is attributed to
the fact that the Scherrer equation calculates an average par-
ticle size. The SAD pattern displays clear rings, which means
that the synthesized powder is very finely crystalline. Scan-

Nickel Kal

Fig. 4. TEM image and SAD (selected area diffraction) pattern of TiO2
obtained from calcined ammonium titanyl oxalate + citric acid gel at 500 °C
for 3h.

ning electron micrographs of TiOy-coated Ni powder and Ti
are given in Fig. 5 together with Ni mapping images at the
same position. The nano-sized TiO; particles do not cause a
significant change in the Ni particle size (6—12 pm), which

Titanium Kal 104m

10m

Fig. 5. SEM images of (a) TiO,-coated Ni powder, (b) Ti mapping, and (c) Ni mapping obtained after calcination at 500 °C for 3 h.
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Fig. 6. XRD pattern of TiO,-coated Ni powder obtained after immersion in
molten carbonate at 650 °C for 48 h.

was well dispersed on the surface of the Ni powder. Both the
distributions of Ti and Ni are uniform in the mapping area in
Fig. 5(b) and (c). Considering the above results in Figs. 3-5,
it can be confirmed that the nano-sized TiO, particles are
homogeneously coated on the surface of the Ni powder.

3.2. Characterization of TiOz-coated Ni powder in
molten carbonate

TiO; is easy to lithiate in the molten carbonate at 650 °C
through a reaction as follows [19]:

TiO; + Li»CO3 — LipTiO3 + CO, 2)

Li; TiO3 is stable phase in molten carbonate. On the other
hand, NiO cannot be easily lithiated in molten carbonate at
650°C.

The XRD pattern of TiO,-coated Ni powder obtained after
immersion in the molten carbonate at 650 °C for 48 h is shown
in Fig. 6. The XRD pattern shows two different structure
types, namely, NiO peaks (JCPDS, File no. 04-0835), and
Ni peaks (JCPDS, File no. 04-0850), on the other hand lithi-
ated TiO; peaks are absent. It is concluded that the major
Li; TiO3 peaks (JCPDS, File no. 03-1024) that should have
appeared at 260 =43.69, 63.2 and 79.87° are overlapped by
NiO peaks. Thus, the lithiated TiO, is reconfirmed by AAS.
The Li content of each lithiated TiO;-coated Ni powder pre-
pared with various TiO,:Ni ratios is shown in Fig. 7, which
were measured after immersion in molten carbonate at 650 °C
for 48 h. The Li content increases as the TiO,:Ni ratio is
increased. From this fact, it can be concluded that the Li con-
tent after immersion in the molten carbonate is mainly due
to the lithation of TiO, particles on the surface of the Ni
powder.

Raman spectroscopy was used to observe the phase change
of the TiO,-coated Ni powder in molten carbonate. The
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Fig. 7. Li content of lithiated TiO,-coated Ni powder obtained after immer-
sion in molten carbonate at 650 °C for 48 h.

Raman spectra of TiO;-coated Ni powder obtained after
immersion in molten carbonate at 650 °C for 48 h is presented
in Fig. 8. Porotnikov et al. [25,26] have interpreted the vibra-
tion spectra of Lip TiO3 using the results of group theoretical
analyses. For lithium titanate, the peaks in the 550700 cm ™!
region are known to be due to Ti—O stretching in TiOg octa-
hedral. In oxides where lithium has both octahedral and
tetrahedral coordination, the Li—O stretching is known to lie
within the 250-500 cm ™! region. In the LipTiO3 structure,
the lithium occupies both octahedral and tetrahedral posi-
tions. Further, with increasing TiO; coating, the intensities
of the peaks decrease and become broader, and the area of
the peak increases [27,28]. The increase in area is probably
due to cation mixing in the crystal layers as indicated by the
incorporation of Ni into Ti sites. The above Raman results
suggest that the TiO; reacts with Li in molten carbonate to
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Fig. 8. Raman spectrum of TiO,-coated Ni powder obtained after immersion
in molten carbonate at 650 °C for 48 h.
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Fig. 9. SEM images of (a) pure Ni powder and (b), (c) TiO2-coated Ni powder obtained after immersion in molten carbonate at 650 °C for 48 h.

form Li> TiO3 during immersion in molten carbonate. As the
immersion time increases, the Li» TiO3 phase changes to form
a lithiated Ti—Ni solid solution oxide (LiTi;_,Ni,O) in the
molten carbonate. Scanning electron micrographs of (a) pure
Ni powder and (b), (c) TiO»-coated Ni powder obtained after
immersion in molten carbonate at 650 °C for 48 h are given
in Fig. 9. In general, the TiO,-coated sample retains the net-
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Fig. 10. Pore-size distribution curves for pure Ni cathode and TiO,-coated
Ni cathode.

work structure of primary NiO powder and the surface is
covered with many tiny grains, see Fig. 9(b). These grains
have a complex morphology and are about 100 nm in length,
see Fig. 9(c). It is assumed that the grains are composed of
Li; TiO3. Lithium could not be detected in the EDAX map-
ping image of lithiated TiO»-coated Ni powder. On the other
hand, the distribution of Ti on the surface of the Niis relatively
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Fig. 11. Solubility of the pure Ni cathode and TiO, ((H)2.5, (@)5.0 mol%)-
coated Ni cathode in (Lig 62K0.38)2CO3 at 650°C under CO,:0; (67:33%).
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Fig. 12. SEM images of TiO,-coated Ni cathode (a) before and (b) after solubility test at 650°C under CO,:0; (67:33%).

uniform due to the formation of a stable Li; TiO3 (100 nm)
phase on the surface of the NiO powder during immersion in
molten carbonate at 650 °C.

3.3. Characterization of TiOz-coated Ni cathode

The pore-size distribution and the porosity of the elec-
trodes are principal determinants of MCFC performance. For
example, a very small pore-size distribution and low porosity
of the cathode leads to flooding by electrolyte and decreases
the cell performance. Therefore, the cathode should have an
appropriate average pore size (5—-10 pwm) and proper porosity
(60-80%).

The pore-size distribution of a pure Ni cathode and a
TiO,-coated Ni cathode are shown in Fig. 10. The pure Ni
and the TiO;-coated Ni cathodes were obtained by sinter-
ing of the green sheet made by the tape-casting method at
750 for 30 min in a reducing atmosphere (H2:N» =30:70%).
The average pore-size and porosity of the TiO, -coated Ni
cathode are about 7 wm and 77%, respectively, which are
close to those of the pure Ni cathode, viz., average pore-size
about 8 wm and porosity 80%. These findings suggest that the
coated nano-sized TiO, particles do not cause a significant
change in the size of the primary Ni particles. Therefore, the
physical properties of the prepared cathode are suitable for
MCEFC.

3.4. Solubility tests

Solubility tests of the cathode in molten carbonate were
performed using a pot cell for 250 h, and then the amount of
Ni dissolved into the carbonate melt was analyzed by AAS.
The results for a pure Ni cathode and TiO> (2.5, 5.0 mol%)-
coated Ni cathodes in (Lig K 33)2CO3 at 650 °C under a
CO,:0, (67:33%) atmosphere are presented in Fig. 11. The
mole fractions of Ni in the carbonate melt increase with time
and reach a constant value after about 75 h. The solubility of
the NiO cathode is about 30.35 x 10~° mole fractions, which

is similar to the value reported in the literature [29]. On the
other hand, the solubility of the TiO» (2.5, 5.0 mol%)-coated
Ni cathodes are about 17.82 x 107 and 6.86 x 10~° mole
fractions, respectively. As shown by the data, the solubility of
Ni in mole fractions from TiO,-coated Ni cathodes decreases
by about 48 and 77% as the TiO, content is increased from 2.5
to 5.0 mol%, when compare with that of a pure Ni cathode.
The results suggest that the remarkable decrease in solubil-
ity is because the stable Li;TiO3 and LiTi;_,Ni, O, phase
formed on the NiO prevents dissolution of Ni** ions into the
electrolyte during MCFC operation.

Scanning electron micrographs of the TiO;-coated Ni
cathode before and after the solubility test are shown in
Fig. 12. There is very little change in the network structure,
particle size or pore size. These features indicate that the
TiO,-coated Ni cathode can be used as a cathode for long-
term operation in MCFCs.

4. Conclusions

The properties of a new alternative cathode for MCFCs
have been investigated. The following conclusions have been
reached.

(1) The sol-gel method has been used to prepare a homoge-
neous coating of nano-sized TiO; particles on the surface
of Ni powder.

(2) The TiOs-coated Ni powder forms a stable phase
of LipTiO3 on the surface of NiO powder in
(Lip.62K0.38)CO3 at 650 °C under air atmosphere. The
Li content in the powder after immersion in molten car-
bonate is mainly attributable to lithiation of the TiO,
particles on the surface of the Ni powder.

(3) The TiOy-coated Ni cathode has an appropriate pore-
size distribution and porosity for use in MCFCs. The
solubility of Ni (in mole fractions) from TiO;-coated Ni
cathodes decreases by about 48 and 77% for an increase



M.Z. Hong et al. / Journal of Power Sources 156 (2006) 158—-165 165

in TiO, content from 2.5 to 5.0 mol% when compared
with a pure Ni cathode in (Lig ¢2K0.38)2CO3 at 650°C
under a CO,:0, (67:33%) atmosphere. As a result, the
TiO;-coated Ni powder can significantly retard the disso-
lution of NiO in molten carbonate due to the formation
of a stable lithiated Ti—Ni solid solution phase on the
surface of the NiO.

(4) The TiO;-coated Ni powder is a promising alternative
cathode material for MCFCs. Using the powder coating
method and the sol-gel technique, it is expected that a
scaled-up cathode could be easily manufactured, and that
the cathode would lengthen the lifetime of MCFCs.

(5) Further studies are necessary to optimize the composition
and the electrochemical performance of this new cathode
material and to confirm the long-term stability of cells
employing this cathode.
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