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From the viewpoint of materials issues, there are some problems in molten carbonate fuel cell
(MCFC) systems due to the corrosive and evaporative electrolytes and the high pressure
caused by a stack in temperature of 650◦C. The rare earth metals (RE) in as material additives
primarily improve the creep resistance, corrosion resistance and high temperature resistance of
materials. However, efforts to enhance the properties of MCFC materials using RE have not
yielded the marked effects associated with their use in solid oxide fuel cells (SOFC). Therefore,
we have conducted this review in order to describe and discuss the effects of RE as additive
materials in the context of MCFC. This review also provides information regarding the
development of MCFC materials using RE.
The incorporation of low concentrations of RE into previously RE-free materials may improve
the stability of these materials to some degree, and also effect an increase in the cell efficiency
of MCFC. La2O3-added cathode materials have primarily been applied as alternative materials,
for the reduction of the dissolution of conventional NiO cathodes. Ce and Dy have both been
theorized to possibly enhance the stability of anode electrode materials. Ce and La can both be
employed as additives which enhance the stability of reforming catalysts. The addition of La2O3
to electrolytes has been previously shown to reduce the degree of dissolution in cathodes.
Ce-based ceramics are thought to be promising coating materials, and it is believed that they
may help to prevent the corrosion of the separator. However, future research into materials
which exhibit long-term stability and low electrical conductivity is clearly warranted, as the field
is in its infancy. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
The rare earth metals (RE) include the group IIIA el-
ements, such as scandium, yttrium, and the lanthanide
elements of the periodic table. The primary application
of RE metals is in alloying, in which they are often uti-
lized as additives. Materials to which RE elements are
normally added include ductile iron (in which they alter
the carbon morphology), super-alloys (in which they in-
crease operating temperatures), Mg alloys (in which they
enhance creep resistance), Al alloys (in which they im-
prove tensile strength and corrosion resistance), oxygen-
free high-conductivity copper (in which they improve
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oxidation resistance), and dispersion-strengthened mate-
rials (in which they improve high-temperature properties).
In consideration of the useful effects of RE, the majority
of recent research has focused on the uses of RE materials
in fuel cells, in order to improve the performance of the
fuel cells.

Among the variety of currently-developed fuel cell
types it was shown, that a large variety of RE-added
materials can be used in solid oxide fuel cells (SOFC),
due principally to the high operating temperature of these
cells, approximately 1000◦C. Traditional electrode and
electrolyte materials used in SOFC include Ni/Zr cermet
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and solid oxide/YSZ, respectively. RE additives used in
SOFC materials, such as Nd, Gd, Y, Sm, La, and Ce, have
proven not only to reduce the costs of the cells, but also to
lower operating temperatures and increase power [1–6].

In molten carbonate fuel cells (MCFC), the applica-
tion of RE is far more narrow than in SOFC, due to
the lower operating temperature of these cells, which is
around 650◦C. From a materials standpoint, the MCFCs
suffer from a variety of problems, including the corro-
sive and evaporative nature of the electrolytes, as well as
the high stack pressure with the temperature of 650◦C.
However, MCFC materials have not benefited from adul-
teration with RE as much as have SOFC materials.

Therefore, in this review, we have introduced and dis-
cussed a few research projects which looked at the effects
of the addition of RE to MCFC materials. This review
also includes information regarding the development of
more stable MCFC materials.

2. Molten carbonate fuel cell (MCFC)
The MCFC is a promising energy conversion device,
which works by converting the chemical energy in fossil
fuels into electricity, according to the reaction described
by Equations. 1 and 2.

H2 + CO 2−
3 ⇔ H2O + CO2 + 2e− (Anode) (1)

1/2O2 + CO2 + 2e− ⇔ CO 2−
3 (Cathode) (2)

In the case of direct internal reforming (DIR) MCFC
systems, hydrogen is directly and continuously produced
via the combination of the steam reformation of methane,
which is shown in Equation 3, including a water-gas shift
reaction which occurs in the catalytic reformer of the
anode compartment.

CH4 + 2H2O ⇔ 4H2 + CO2 (3)

Fig. 1 is a schematic diagram of the traditional DIR-
MCFC and the materials used in its construction.

The anode and the cathode are both relatively low-
priced, the anode being a Ni-based porous electrode, and
the cathode being a NiO-based porous electrode. The elec-
trolyte, which is composed of an alkaline carbonate mix-
ture (generally, 62 mol% Li2CO3-38 mol% K2CO3), is
contained within a porous LiAlO2 matrix. The separators
or housing which contain the gas flow channels are con-
structed of stainless steel, i.e. SUS316L and SUS310S.
The typical operating temperature of MCFC is approxi-
mately 650◦C. The technology inherent to the construc-
tion of these cells has already partially entered the com-
mercial demonstration phase. However, a question still
exists as to how long the lifespan of such a cell would
be. In order for the technology to be commercially vi-
able, an MCFC must last approximately 40,000 h. The

Figure 1 Schematic diagram of the components of the DIR-MCFC unit
cell.

known lifespan-limiting phenomena, which are caused
by the corrosive electrolyte, the relatively high operating
temperatures, and stack pressure in the MCFC, include
the following:

1. Dissolution of the NiO cathode.
2. High-temperature creep and sintering of the porous

components.
3. Reforming catalyst deactivation.
4. Electrolyte losses and electrolyte retention

capacity.
5. Corrosion of the separator plate.
6. Matrix cracking

These problems have also led to a great deal of research
which has been conducted into the development of RE-
supplemented MCFC materials. The RE-added materials
used in the construction of MCFC over recent years are
listed in Table I.

2.1. Cathode electrode for MCFC
2.1.1. Method to improve the stability of

cathode material without RE
NiO has, since the 1970s, been the most commonly used
material in the construction of MCFC cathodes [7]. How-
ever, the dissolution of the NiO cathode into an electrolyte,
and the structural degradation of the cathode during the
high-temperature operation of the cells, are among the
most serious of the factors which limit the lifespan of
these cells. Therefore, a great deal of research regard-
ing MCFC cathode materials has been conducted since
the 1970s. Recently, significant advances in the materials
used in the construction of MCFC cathodes have been
made, and this particular field has advanced more quickly
than has research into the improvement of the other ma-
terials used in MCFC construction.

There are two ways to improve cathode stability by al-
tering the cathode materials themselves. One is to substi-
tute completely new materials for NiO in the construction
of cathodes, and the other involves the modification of the
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T AB L E I Effects of RE addition on the component materials for MCFC

Composition of material Comments Reference

Cathode
CeO2 (1–3 wt.%)/NiO Lower dissolution rate than NiO; needed lithiation controlling. [29]
La2O3/lithited NiO Reduced nickel dissolution and improved cell efficiency; long-term tests

are required
[30]

La0.8Sr0.2CoO3/NiO Lower Ni dissolution than that of the conventional nickel oxide cathode. [31]
CeO2, La2O3, Pr2O3, Nd2O3/NiO The solubility was about one order of magnitude lower than that of

RE-free NiO
[32]

Anode
CeO2/Ni-Cr Performance equivalent to the Ni-Cr anodes; however, it suffered some

chemical instability
[47]

Dy/Ni–Dy (Dy2Ni17) Corrosion was significantly lower than that of pure Ni, forming a scale
mainly composed of NiO

[48]

La2O3/Sm2O3 with Ti Performed well over a period of 144 h following an initial decrease of
open circuit voltage

[50]

Catalysts
La-Ni/γ -Al2O3 Decreased the stability of the reforming catalyst [63]
Ni-RE/Al2O3 Elevated the catalyst activities and resisted the formation on NiAl2O4. [64]
Ni/Ce-ZrO2/θ -Al2O3 High activity and stability [65]

Electrolyte
La2O3/NiO Reduced the solubility of NiO by one-tenth, cell performance being

studied
[66, 67]

Separator
Ce based ceramic/SUS Promising coating materials [68]

NiO, with stabilizing additives. Another method which
could be used to improve the cathode would involve the
addition of alkali earth metal oxides or carbonates to the
electrolytes.

Several lithiated materials, including LiCoO2, LiFeO2,
Li2CoO2, and Li2MnO3, have been investigated fairly ex-
tensively with regard to their possible use as modifying
(or coating) materials for these NiO cathodes, due princi-
pally to their extremely low solubility in carbonate melt
electrolytes [8–20]. Other metals or metal oxides, includ-
ing Nb [21], Ni-Al alloy [22], Ni-Ti alloy [23], and MgO
[24], have also been coated, doped, or otherwise added to
NiO in order to improve the performance of the cathode
material. Other candidates for NiO additives, including
ZnO [25], MgFe2O4 [26], and Co3O4 [27], have also been
introduced, and research has been conducted on ternary
systems, such as (Li0.52Na0.48)2–2xAExCO3 (AE = Ca, Sr
and Ba) [28] since 2004.

2.1.2. Method to improve the stability of
cathode materials using RE

Many research projects focused on improving the stability
of NiO cathodes using RE elements have been conducted
since 2000 [29–33]. In comparison with other MCFC
component materials, NiO cathodes tend to dissolve more
readily in corrosive and evaporative electrolytes. There-
fore, the effects of RE additives to NiO have been the
subject of substantially more attention than have any of
the other components of MCFC.

In 2000, Daza et al. constructed a modified NiO
cathode via Ce impregnation, and evaluated its properties
via both surface and bulk analyses. The Ce-impregnated
cathodes exhibited the same pore size distribution curves

and morphology as did the reference NiO cathodes.
The presence of Ce also exerted some effects on nickel
oxidation; this process was faster in cases in which Ce
had been incorporated. At low CeO2 contents, between
0.3–1 by wt.%, the corrosion process was noticeably
retarded. However, according to the published report,
the synergistic effect of Ce and Li resulted in a ready
lithiation of the cathode, generating marked modifications
to the cathode surfaces, which appeared more prominent
for the Ce-free samples, and also resulted in variations in
the volume of the cathode. Therefore, additional research
into the control of lithiation is clearly required [29].

In 2002, cathode materials based on lithium-nickel
mixed oxides and modified via La impregnation were
investigated for their ability to potentially yield an
alternative MCFC cathode. According to the author
of this study, La2O3 was selected on the basis of the
consideration that it could be utilized as a catalyst support
in both industrial and technological applications. It was
also believed that the incorporation of La might create an
oxygen buffer, thereby facilitating the lithiation of NiO.
In this report [30], the cathode material was prepared
via ex situ NiO lithiation, with a high Li content and
La impregnation. The electrochemical behavior of this
material was evaluated in a eutectic Li/K mixture at
650◦C, via electrochemical impedance spectroscopy
(EIS), with regard to La content, immersion time, and
gas composition. The final results of this study suggested
that the incorporation of low concentrations of La into
the lithiated NiO reduced nickel dissolution (Table II)
and improved the overall efficiency of the cell.

The impedance spectra were analyzed in order to gain
insight into the structural changes occurring in the elec-
trode over the first 100 h. These changes involved a
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T AB L E I I Chemical analyses of the samples before and after elec-
trochemical tests, and the nickel and lanthanum content in the eutectic
[30]: L40: lithiated NiO without lanthanum; L40La0.3: 0.3 wt.% of La2O3;
L40La0.5: 0.5 wt.% of La2O3; L40La0.8: 0.8 wt.% of La2O3

Sample Eutectic

wt.% Li
(before)

wt.% Li
(after)

wt.%
L2O3

(before)

wt.%
L2O3

(after)
Ni
(ppm)

La
(ppm)

L40 4.40 3.10 12
L40La0.3 4.40 3.40 0.26 0.18 1.3 26
L40 La0.5 4.40 3.00 0.50 0.42 6.6 33
L40 La0.5 4.50 2.70 0.81 0.69 2.0 34

marked loss of Li, and a low degree of Ni and La dissolu-
tion. La was also determined to exert a positive influence
on the charge-transfer processes associated with oxygen
reduction. However, long-term tests should be conducted
in this regard in the future.

In the 2003 study of Popov et al. [31], a doped La
ternary system, La0.8Sr0.2CoO3, was coated onto sintered
NiO electrodes via a sol-gel process, and the electro-
chemical performance of this construction was evaluated
on a laboratory scale, with 3 cm2 half-cells at the con-
ventional conditions of MCFC performance. As a result,
this coated cathode was determined to exhibit a poten-
tial of over 109 mV at an applied current density of
160 mA/cm2. Dissolution studies conducted with molten
Li/K at 650◦C revealed a lower rate of Ni dissolution than
was observed in conventional NiO cathodes. Impedance
analysis revealed that the behavior of the coated cathode
was similar to that of NiO. Therefore, they reported that
this cathode had great promise with regard to its possi-
ble use as an alternative MCFC cathode. However, more
studies regarding the control of cathode pores is still re-
quired, in order to establish minimum values for cathode
polarization.

In 2004, Huang et al. presented a series of papers [32]
focusing on the effects of the four types of RE oxides
on the electrochemical behavior of new cathodes, using
electrochemical impedance spectroscopy, X-ray diffrac-
tion, and scanning electron microscopy. These cathode
materials were prepared on the basis of the modifica-
tion of NiO via impregnation with 0.3–1.0 wt.% RE ox-
ides (CeO2, La2O3, Pr2O3, Nd2O3). In this paper, the RE
oxide-impregnated nickel cathodes exhibited comparable
porosity, pore sizes, and morphology as were observed
in the nickel cathode. The solubility of this cathode in
the melts was one order of magnitude lower than that of
the RE-free NiO cathodes. The author explained this low
solubility as follows: “The solubility of RE oxide in the
carbonate melts was far more than that of NiO. Conse-
quently, concentration of O2− was increased in the micro
region containing RE oxide and NiO due to the preferen-
tial dissolution of RE oxide. That was to say, increase of
concentration of O2− was disadvantageous for the forma-
tion of Ni2+ ion from the standpoint of view of dissolution
equilibrium of NiO.” It was also reported in this study that

the impedance spectra for all of the cathode materials re-
vealed important variations in charge transfer resistance
over the 200 h of immersion. These variations showed
that dissolution and charge transfer processes were oc-
curring under the conditions of the RE-modified cathode
surface at the time of carbonate exposure. The dissolution
of NiO was attributed to the RE-modified surface of the
cathode. Therefore, a dramatically low NiO dissolution
rate was observed in the RE oxide-modified cathode ma-
terials. These cathode materials also enhanced the charge
transfer processes associated with oxygen reduction, with
better results being observed with higher RE oxide con-
tents. The cathode to which 1.0 wt.% of RE oxide had
been added exhibited lower dissolution and charge trans-
fer resistance values. Consequently, it was reported that
the 1.0 wt.% RE oxide/NiO cathode material might prove
to be a viable alternative to the NiO normally used in the
construction of the MCFC cathodes.

2.2. MCFC anode
2.2.1. Method to improve the stability of the

anode material without RE
Another hindrance to the development of MCFCs is the
creep and sintering occurring in the Ni anode. In order to
solve these problems, a variety of metals, including Cr, Al
and Cu, have been used as additives. Among these, Ni–Cr
has been frequently used in the construction of an anode,
and constitutes the current material of choice for com-
mercialization [33]. However, further research has been
recently conducted in an attempt to generate better creep
resistance greater cost-effectiveness than can be achieved
with Ni–Cr anodes, resulting in the development of alter-
native anode materials, as well as protocols which reduce
the amount of material used, and improved manufacturing
methods.

The most significant research and development of
anode materials has involved the addition of highly creep
and sintering-resistant pure metals, metal oxides, and
intermetallic compounds to Ni [34–44]. Furthermore,
several papers have been presented regarding the coating
or electro-deposition of Al and Nb onto the surface of Ni
anodes [45, 46].

2.2.2. Method to improve the stability of
anode materials using RE

Fewer papers have been submitted regarding the effects of
RE-addition to anodes than on the effects of RE-addition
to cathodes. In 1993, one such paper revealed that the
proper doping of CeO2 onto Ni–Cr anodes might yield
a performance equivalent to that of Ni–Cr anodes [47].
However, post-test analyses indicated that this technique
caused an unacceptable degree of chemical instability.

In 2004, Zeng et al. assessed the corrosion behavior of
binary Ni–Dy alloys containing 1, 3 and 5 wt.% Dy in
a eutectic (Li/K)2CO3 mixture at 650◦C [48]. The alloys
used in this trial had a two-phase structure, consisting
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Figure 2 Corrosion kinetics of the pure and Ni–Dy alloys in molten
(0.62Li,0.38K)2CO3 at 650◦C in air [48]: Ni-1Dy:1 wt.% of Dy; Ni-3Dy:
3 wt.% of Dy; Ni-5Dy: 5 wt.% of Dy.

of an α-Ni solid solution and an intermetallic Dy2Ni17

compound. The results of these experiments showed that
the corrosion rates of the three types of Ni–Dy alloys were
all substantially lower than the corrosion rate of pure Ni
(Fig. 2), and that corrosion rates decreased with increasing
Dy concentrations, forming a scale composed primarly
of NiO, combined with a small amount of dysprosium
oxides.

The weight gain exhibited by the alloys changed only
slightly with increasing Dy concentrations, whereas the
thickness of the scale decreased with increasing Dy con-
tents. According to the paper, these results may be at-
tributed to the following factors. First, Dy ions may func-
tion as barriers which block the diffusion of Ni along
grain boundaries, as has been observed in other RE ele-
ments. Second, the formation of Dy-rich oxides may serve
to block Ni diffusion, resulting in lower corrosion rates.
Additionally, the two-phase structure of these alloys may
also contribute to their lower corrosion rates.

In 2002, a study was undertaken in order to verify that
Ce could be used as an MCFC electrode material. The
characteristics of the Ce species, including the thermo-
dynamic, chemical, and surface properties of metallic Ce
when used as candidate anode materials, were analyzed
in molten Li/Na under the anodic and cathodic conditions
inherent to the construction of MCFCs. The solubility of
the Ce was determined via absorption spectro-photometry,
and the electrochemical stability domains were estab-
lished at different temperatures, predicated on the relevant
thermo-chemical calculations [49].

In 2004, Tagawa et al. [50] employed a composite anode
material consisting of La2O3/Sm2O3 with Ti fine powder
(to provide electronic conductivity), which served as the
anode electrode in a dry methane type of MCFC, in which
methane was directly charged to the anode as a fuel. These
researchers had selected La2O3/Sm2O3 on the basis of
the findings they had obtained in a series of screening
experiments involving TPD, TG, and a tubular reactor.
This anode, when assembled into a cell unit, was reported
to perform quite well over a period of 144 h, following an
initial reduction in the voltage of the open circuit.

2.3. Reforming catalyst in DIR-MCFC
In the case of DIR-MCFC or direct dry methane (methane
catalytic partial oxidation; CPOX) MCFC systems [51],
the reforming catalyst or the partial oxidation catalyst is
positioned in the anode compartment. Ni-based catalysts
are normally used in DIR-MCFC, and an Rh-based cat-
alyst has been implicated as the optimal CPOX catalyst
[52, 53]. The supports of both catalysts are known as MgO
or Al2O3. Due to their direct contact with the anodes,
both of the catalysts were deactivated via the sintering of
the carrier material, or by the migration and evaporation
transport of the electrolyte. This deactivation results in a
reduction of the specific activity of the catalysts [54].

In order to render the catalyst more resistant to deac-
tivation during this operation, the catalyst support was
replaced with a variety of elements, including Al2O3,

SiO2, Cr2O3, SiO2, γ -LiAlO2, and α-LiAlO2, and small
amounts of metals such as Li, K, Cs, Ru, or Rh were added
as promoters [55–62].

In 1996, Berger et al. prepared a Ni catalyst containing
La via co-precipitation for DIR-MCFC. The reactivity
and alkaline resistance of this catalyst were evaluated. In
Berger’s subsequent paper, he revealed that the addition of
La to the co-precipitated Ni/γ -Al2O3 catalyst had effected
a diminution of its stability [63]. According to this paper,
this was probably attributable to the interaction of Ni–La
with alumina.

Another study conducted in 1999 attempted to charac-
terize the reaction performances of methane partial oxi-
dation to syngas over Ni-RE/Al2O3 catalysts [64]. That
study reported a lifespan of up to 500 h for some of the
tested catalysts. As a result, It was demonstrated that the
RE additives could elevate the catalyst activities and resist
the formation on NiAl2O4.

In 2003, Jun et al. conducted a study investigating the
properties of the Ni/Ce-ZrO2/θ-Al2O3 reforming catalyst
[65]. In this study, the catalyst exhibited a high degree of
activity and stability under the typical steam reforming of
methane for 200 h at 750◦C (Fig. 3).

The authors reported that these higher levels of activity
and stability were attributable to the pre-coating of
a Ce-ZrO2 layer on the θ-Al2O3. According to this
study, a chemical interaction occurring between Ni
and Al2O3 results in the inactivation of NiAl2O4, and
this process occurs more rapidly in the presence of
steam. However, Ce-ZrO2 was also shown to effectively
prevent the phase transformation of Ni/Al2O3 into
NiAl2O4, and was also shown to play a role in the
formation of stable NiOx species in the presence of
steam. This NiOx formation was visualized via TPR.
It was then further speculated that populations of NiOx

may perform crucial functions in both the activity and
stability of the catalysts. Therefore, Ce-ZrO2 clearly
enhanced the metallic Ni sites which had been reduced
from the NiOx species, which strongly interact with
the support, thereby becoming active sites for methane-
reforming reactions, and conferring a high degree of coke
resistance.
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Figure 3 Comparison of stability in the stoichiometric steam reforming
of methane (reaction conditions: P = 1 atm, T = 1023 K, H2O/CH4 =
1.0, GHSV = 72,000 ml/gcat h) [65]. “Our catalyst” in the figure refers to
Ni/Ce-ZrO2/θ -Al2O3.

2.4. Others
2.4.1. Electrolyte
Ota et al. presented a series of papers regarding the re-
sults of tests conducted to evaluate the solubility of NiO
as a function of CO2 partial pressure in La2O3-added
electrolytes. The addition of La2O3 to molten carbonate
(Li/Na) was determined to 10% more effective in reduc-
ing NiO solubility (Fig. 4) than was observed in the MgO-
added electrolytes.

According to report submitted by Ota et al., this effect
on NiO solubility could be attributed primarily to the acid-
base equilibria of the melts, as well as the fact that NiO
solubility was smaller in basic melts of the practical use
region [66].

In 2005, the same researchers also presented papers
regarding the feasibility of La as an MCFC electrolyte
additive [67]. In that paper, they asserted that the molten
carbonates might be rendered more basic via the inclu-
sion of the La as an additive, as the stable phase of the

Figure 4 NiO solubility as a function of La2O3 concentrations in the Li/Na
eutectic melts [66].

La oxide in the molten carbonates was determined to be
La2O2CO3. Therefore, the more basic molten carbonate
with the La additive generated a reduction in the solu-
bility of pure NiO. This effect was also attributed to the
acid-base equilibrium, which is known to be related to
the solubility of NiO in molten carbonates. In this case,
that equilibrium was found to be 1–2 orders of magnitude
greater than that observed with the alkali and alkali earth
metals.

2.4.2. Separator plate and current collector
The stainless steel separator plates in the MCFCs also
require protection against corrosion. Keijzer et al.
submitted a report regarding the corrosion resistance of
SUS-separator plates coated with a variety of metallic
components, including Ti, Y, Nb, La, Ce, Nd, Hf, and
Ta. Among these, they reported that the results of their
stability experiments indicated that Ce-based ceramics
constituted promising coating materials, which could
prevent the separator from corroding when used in the
construction of MCFCs [68].

3. Conclusions
In considering the effects of the addition of RE to the ma-
terials used in MCFCs, La2O3-added cathode materials
were primarily utilized in order to find an material al-
ternative to the conventional NiO cathode in the MCFCs.
Apparently, the addition of RE to the NiO cathode reduced
the solubility of the cathodes in the carbonate melts. This
is due to the fact that the more soluble RE (as compared
to NiO) increased the O2− concentrations, and reduced
the rates of NiO dissolution. The addition of La2O3 to the
electrolytes also proved far more effective in the reduc-
tion of NiO solubility. This effect was attributed to the
increasing basicity of the electrolyte.

Anodes constructed with Ni–Dy alloys may exhibit
even lower corrosion rates. In this study, we also con-
firmed the possibility of using Ce as an alternative anode
material.

Ce and La were both found to be viable additives which
improved the stability of both the reforming catalyst and
the separator. In the reforming catalyst, RE appears to
effectively prevent the phase transformation of Ni/Al2O3

into NiAl2O4, and thus improves both the stability and
activity of the reforming catalyst, in the presence of steam.

Finally, the incorporation of low RE concentrations into
RE-free materials might reduce the dissolution of mate-
rials induced by the carbonate melts of the electrolyte
at high temperatures, thereby enhancing the efficiency
of the cells. However, the majority of these results were
predicated on short-term stability tests. Therefore, further
research into the long-term stability of these materials is
clearly warranted.
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