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Abstract

A one-step sintering process using aluminum acetate as an aluminum source is used to fabricate a nickel-based anode for a molten carbonate fuel
cell (MCFC). The process is designed to replace existing partial or full oxidation and reduction processes, which are quite complicated and expensive.
The aim is to simplify the fabrication process of a highly creep-resistant Ni—Al anode and eventually to contribute to the commercialization of a
MCEFC. Considering the solubility limit of Al in Ni, two types of anodes, Ni-2.5 wt.%Al and Ni-5 wt.%Al, are fabricated by sintering at either
1000 or 1100°C for 2h in a 99.5% H, atmosphere. After characterizing the resulting material by X-ray diffraction, scanning electron microscopy
and energy dispersive X-ray spectroscopy, it is confirmed that among the anodes fabricated, the Ni—5 wt.%Al sample sintered at 1100 °C contained
the most suitable Al,O3 in a dispersed form. A 100-h creep test reveals that the creep strain of the anode has the lowest value of 1.3% compared
with the other anodes. This value is superior to the creep strain of 2.3% obtained from a Ni—5 wt.%Al anode using Al powder as a fine Al,O;
dispersion source in a Ni-base anode matrix. A single cell using the Ni-5 wt.%Al anode fabricated in this study shows a stable closed-circuit

voltage of 0.795 V for 1000 h at 150 mA cm~2.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive studies have been carried out over the past several
decades with the ultimate aim of commercializing the molten
carbonate fuel cell (MCFC) [1,2]. The system components and
stack performances of MCFCs have been improved significantly
and commercial demonstrations are being run by Fuel Cell
Energy Inc. (FCE), in the USA [3]. Despite this recent progress,
however, stack durability and fabrication costs are still critical
issues that hinder the commercialization of MCFCs.

Among the components, the anode requires substantial
improvement to solve the creep problem. Generally, a MCFC
is operated at 923 K, which is >50% of the melting tempera-
ture (Ty,) of Ni. In addition, the MCFC stack is placed under a
torque load, which is required to minimize the contact resistance
between components. It should be noted that the bottom cells
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of a 500-cell MCFC stack would experience a load of approxi-
mately 0.5 kg cm™2 from the weight of the stack alone [4]. Above
0.5Ty,, a metal will deform plastically over a period of time
even when the applied stress is lower than its yield strength [5].
This time-dependent deformation is known as creep, and this is
one of the main problems that limit the lifetime of an MCFC.
Anode creep causes not only an unstable gas supply as a result
of the variation in the pore structure and the reduction of poros-
ity, but it can also increase the contact resistance between the
anode and the electrolyte matrix due to local deformation of the
anode. This ultimately lowers the power of the stack [4]. The
mechanisms of this creep deformation are mainly divided into
four groups, namely, dislocation glide, dislocation creep, diffu-
sion creep and grain boundary sliding [6]. Lattice imperfections,
such as solute atoms, precipitates or oxide particles, can block
the movement and thereby suppress creep. This effect is known
as strengthening. Therefore, most attempts made to enhance the
creep resistance of an anode have employed one of the many
imperfection-strengthening methods or a combination of them
[7]. Aluminum, chromium and copper have been considered as
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Fig. 1. Comparison of: (a) one-step and (b) partial or full oxidation-reduction
sintering process.

a second element for strengthening a Ni-base anode and it has
been reported that either a Ni—Al or Ni—Cr system has sufficient
creep resistance [8,9], with the former being superior to the lat-
ter. According to our previous work [8], the creep resistance of
Ni—Al anodes is improved considerably compared with a pure
Ni anode prepared by solid solution or oxide dispersion via a
partial or full oxidation and reduction sintering process (here-
after referred to as PR and FR). Indeed, using Al powder, PR or
FR is an excellent method for producing an anode with a uni-
form Al, O3 dispersion in the Ni-base anode matrix. On the other
hand, it is very difficult to control precisely the atmosphere for
partial oxidation, particularly in the large-scale sintering fur-
naces that are used for mass production. In addition, the PR
or FR process is a two-step procedure, which complicates the
sintering process and increases the expense. For commercial-
ization, therefore, a novel anode with a high creep resistance
needs to be fabricated by a simple process using low cost
materials.

The aim of the work reported here is to develop an anode that
has high creep resistance and is cost-effective. An Al salt (Al
acetate) is used as the source for Al,O3 formation to increase
the creep resistance by dispersion strengthening. The main idea
is that Al acetate dispersed homogeneously among Ni powders
will be decomposed to Al,O3 during the course of sintering and
the resultant morphology will be a microstructure containing fine
Al,O3 dispersed in a Ni-base matrix. Hence, a complex process
such as PR or FR is not required to make an oxide dispersion
strengthened anode. Moreover, it is thought that the price of Al
acetate could be lower than that of Ni—Al alloy from a mass
production viewpoint. In this study, a one-step sintering proce-
dure using ordinary hydrogen is used for economical fabrication
of the anode. A comparison of the PR or FR with the one-step
sintering procedure is given in Fig. 1.

2. Experimental
The decomposition phenomena of Al acetate were analyzed

by thermal analysis using a thermogravimetric analyzer and a
differential scanning calorimeter (TGA-DSC, TA instruments
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Fig. 2. Fabrication procedure for anode green sheets.

SDT 2960). The phases of the decomposed products were char-
acterized by means of an X-ray diffractometer (XRD, Rigaku
Geigerflex DMAX-IIA).

The anode composition was determined to be within the
solubility limit of Al in Ni according to the findings of Kim
et al. [8]. Ni-2.5 wt.%Al and Ni-5 wt.%Al anode green sheets
were fabricated using filamentary Ni (Type 255, Inco) and Al
acetate (Insoluble form, Sigma—Aldrich) as the starting materi-
als, as shown in Fig. 2. An ethanol-water mixture, Disperbyk
110 (BYK-Chemie), dibutyl phthalate (SBC Co. Ltd.), B-72
polyvinyl butyral (Butvar) and SN-348 (Dappo) were used as
the solvent, dispersant, plasticizer, binder and degassing agent,
respectively.

The anode green sheets were then sintered at the selected
temperature for 2 h in an ordinary hydrogen atmosphere (purity
99.5%). The sintered anodes were also characterized by XRD
to identify the phases, and by a field emission scanning electron
microscope (FE-SEM, Hitachi 6300) and an energy dispersive
X-ray spectrometer (EDS, Oxford) to observe the morphology
of the anode. The creep test was performed using the apparatus
described elsewhere [8]; the tests conditions were 650 °C for
100 h in a Hy atmosphere under a load of 100 psi. The porosity
was measured by means of the Archimedes method (ASTM,
C373-72), and the pore-size distribution was obtained using
a mercury porosimeter (Micrometritics, Autopore IV 9500).
Single-cell tests were performed at 650 °C for 1000 h using a
test station designed and constructed in Korea Institute of Sci-
ence and Technology, South Korea (KIST) [10]. Gas mixtures
containing 72% Hy—18% CO,—-10% H, 0O and 70% air-30% CO,
were supplied to the anode and the cathode, respectively. The
total flow rate of the gas was equivalent to a gas utilization of
40% at 150 mA cm 2.
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Fig. 3. TG-DSC curves of Al acetate.

3. Results and discussion
3.1. Characterization of Al acetate

The average particle size of the Al acetate (Al(OH)
(CH3COO);) powder was 1 pum [11] and it did not melt in the
solvent used for tape-casting. Therefore, the Al acetate was dis-
tributed among the Ni powders in the form of a powder when the
anode green sheets are fabricated. Hence, a uniform distribution
of Al;O3 in the Ni-base matrix is expected if there is a homo-
geneous dispersion of Al acetate powder with the subsequent
formation of Al,O3 during sintering. The formation of Al,O3
was confirmed by thermal analysis and heat treatment. The Al
acetate was heat-treated from 200 to 1100 °C at 100 °C intervals.

Figs. 3 and 4 show, respectively, thermogravimetric gravi-
metric and differential scanning gravimetric (TG-DSC) curves
for Al acetate and XRD patterns of the Al acetate after heat
treatment at various temperatures for 2 h in a H, atmosphere. In
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Fig. 4. XRD patterns of Al acetate after heat treatment at various temperatures
for 2h in Hy atmosphere.

Table 1
Change in porosities of Ni-2.5 wt.%Al and Ni-5 wt.%Al anode with sintering
temperature

Specimen Porosity (%)

At 1000°C At 1100°C
Ni-2.5 wt.%Al 70 56
Ni-5 wt.%Al 73 60

Fig. 3, two endothermic peaks at approximately 70 and 300 °C,
and two exothermic peaks at approximately 900 and 1000 °C are
clearly visible. It is believed that the first endothermic peak and
weight loss are caused by evaporation of water. Referring to the
XRD pattern at 200 °Cin Fig. 4, itis confirmed that the Al acetate
phase is still present at 200 °C. The following endothermic peak
and weight loss appear to be due to thermal decomposition of
the organic components. Extensive weight loss occurs as the
thermal decomposition is increased above 200 °C, and the phase
becomes amorphous. Above 700 °C, the y-Al,O3 phase appears
as a broad peak and this indicates incomplete thermal decom-
position. Given the exothermic peaks at 900 and 1000 °C, it is
expected that the final decomposition product will be formed
at a temperature >950 °C. The vy to crystalline o phase change
in Al,O3 is shown in Fig. 4. The results also suggest that a-
Al;O3 can be formed from Al acetate in the anode green sheet
by thermal decomposition at >950 °C.

3.2. Phases and morphologies

Anode green sheets with two compositions, viz.,
Ni-2.5wt.%Al and Ni-5wt.%Al (hereafter referred to as
NA2.5 and NAS, respectively), were fabricated and sintered by
a one-step sintering procedure at either 1000 or 1100 °C for 2h
in a H atmosphere. Figs. 5 and 6 show the XRD patterns and
SEM images of the NA2.5 and NAS sintered at 1000 or 1100 °C.
These data suggest that the Al,O3 phase dose not exist in the
anodes sintered at 1000 °C, which is contrary to the results
shown in Section 3.1. By contrast, for the anodes sintered at
1100°C, Al,O3 peaks can be observed in the XRD patterns.
Why is the Al,O3 phase not seen in the XRD patterns of anodes
sintered at a higher temperature than 950 °C, i.e., the formation
temperature of Al,O3 from Al acetate? It is judged that Al,O3
can be formed at 950 °C when Al acetate is heat-treated alone,
but when Al acetate is mixed with Ni in the anode green sheet,
the quantity of crystalline components of Al,O3 is below the
detection limit of XRD. Therefore, the Al;O3 phase may not
be observed in XRD patterns of the anodes sintered at 1000 °C.
On the other hand, the NAS sintered at 1100 °C contains fine
oxide particles dispersed in the anode, which is a morphology
similar to that of the anode with a high creep resistance that has
been reported [8] previously using Al powder.

The porosities of the above anodes were investigated to deter-
mine if they have the appropriate porosity for a MCFC anode;
the results are shown in Table 1. NA2.5 and NAS sintered at
1000 °C have a porosity of approximately 70%. It is considered
that this porosity would be too high to resist the applied pressure
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Fig. 5. XRD patterns and SEM images of Ni-2.5 wt.%Al anode sintered at: (a) 1100 °C and (b) 1000 °C for 2h in H, atmosphere.

during the creep test [8]. Furthermore, the degree of sintering of
the Ni particles is insufficient to shape the network structure, as
shown in Figs. 5 and 6. For this reason, the anodes sintered at
1000 °C are excluded from subsequent analysis.

The porosity of the two anodes sintered at 1100 °C is within
the range acceptable for a MCFC anode, but the average pore size
of NA2.5 sintered at 1100 °C is smaller than that recommended
for an anode. Another essential parameter for a MCFC anode
is the pore-size distribution. The average pore size is usually
3-6 wm. The average pore size of the NA2.5 (porosity 56%)
and NAS (porosity 60%) was 2.6 and 3 pm, respectively. The
pore-size distribution of the two anodes is shown in Fig. 7.

3.3. Creep behaviour and single-cell performance

The creep behaviour of the NA2.5 and NAS sintered at
1100 °C was investigated using a creep test apparatus. The creep
curves are given in Fig. 8. The creep strain of the two anodes
after the creep test is estimated to be 4.1% for NA2.5 (porosity
56%) and 1.3% for NAS5 (porosity 60%), respectively. Although
the porosity of NAS is higher than that of NA2.5, the former has
alower creep strain than the latter. Consequently, it is concluded
that the Al,O3 formed in the NA2.5 is insufficient to enhance
the anode strength.

In a study of anodes with added Al powder [8], it was con-
cluded that the strengthening mechanism was a combination of
a solid solution and oxide dispersion strengthening that resulted
in a very low anode creep strain of 2.3%. Given the expected
life-time (40,000 h) of a MCFC stack, Al contained in the anode
will be gradually oxidized by the impurities such as O or H,O
in the fuel gas. Therefore, it is believed that oxide dispersion
strengthening is the final strengthening mechanism and that
NAS5 exhibits excellent creep resistance accordingly. A com-
parison of previous work using Al powder [8] with this study
shows that the anode enhanced by oxide dispersion strengthen-
ing has a higher creep resistance as a result of a combination
of two strengthening mechanisms. The results of the creep test
for NAS support the final strengthening mechanism proposed
above.

Finally, a single-cell test was performed using NAS at
150mA cm™2 for 1000 h. The initial single-cell performance
showed an open-circuit voltage (OCV) of 1.065 and 0.799 V
at 150 mA cm™2. The single-cell performance, namely, average
0.795V at 150 mA cm™2, is stable during an operating time of
1000 h. Figs. 9 and 10 show the single-cell performance and
closed-circuit voltage (CCV) at 150 mA cm~2 as a function of
time, respectively. The anode gives acceptable single-cell per-
formance for a MCFC anode.
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Fig. 6. XRD patterns and SEM images of Ni—5 wt.%Al anode sintered at: (a) 1100 °C and (b) 1000 °C for 2 h in H, atmosphere.
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Fig. 9. Single-cell performance of a Ni-5 wt.%Al anode sintered at 1100 °C for
2 h in Hy atmosphere.
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Fig. 10. Single-cell performance as function of time using Ni-5 wt.%Al anode
sintered at 1100 °C for 2 h in H, atmosphere.

4. Conclusions

a-Al,O3 dispersed in a Ni-2.5 wt.%Al and Ni-5 wt.%Al
anode has been achieved by adding Al acetate via a one-step

sintering procedure in an ordinary Hy (99.5%) atmosphere. The
morphologies, creep behaviour, and single-cell performance are
investigated. The Al acetate forms an a-Al,O3 phase as a result
of thermal decomposition at temperatures >950 °C. A Ni-base
anode with fine Al,O3 particles dispersed uniformly has been
fabricated using a cost-effective one-step sintering process. A
Ni—-5 wt.%Al anode sintered at 1100 °C using Al acetate exhibits
a higher creep resistance (creep strain of 1.3%) than that of an
anode examined elsewhere (creep strain of 2.3%). A single cell
with a Ni—5 wt.%Al anode sintered at 1100 °C gives an average
voltage of 0.795 V over 1000 h. The application of an Al salt and
a one-step sintering procedure using a Hy (99.5%) atmosphere
is expected to be a less expensive procedure than those currently
used.
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