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Abstract Molten carbonate fuel cell is one of the most
promising high efficiency and sustainable power generation
technologies, as demonstrated by the availability of several
commercial units nowadays. Despite the significant prog-
ress made over the past few decades, the issues like com-
ponent stability in carbonate melts and lower power density
as compared to other high-temperature fuel cell systems
need to be overcome to meet cost and lifetime targets. An
improvement in the catalysts and system design for in situ
reforming of fuel is critical to make molten carbonate fuel
cells (MCFCs) compatible with real world fuels with mini-
mal preprocessing requirements. Thus a significant oppor-
tunity exists for materials R&D in the MCFC area. In the
present review, the key issues with MCFC component mate-
rials: cathode, anode, matrix, current collectors and bipolar
plates, are discussed. The alternative materials and strategies
adapted by the MCFC R&D community to mitigate these
issues are discussed with emphasis on research trends and
developments over the past decade.

Keywords Fuel cell - Molten carbonate fuel cell - MCFC -
Molten carbonate electrolyte - Materials issues

Introduction
The stationary power generation with molten carbonate fuel

cell (MCFC) technology offers an efficient alternative to
conventional coal-fired power plants. The history of the
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molten carbonate fuel cell can be tracked back to the late
1950s, when Dutch scientists G.H.J. Broers and J.A.A.
Ketelaar started the research on fused salt electrolytes [1].
Typically fuel cells are named after the electrolyte used in
the fuel cell, and as the name suggests, molten carbonate
fuel cell is based upon molten carbonate electrolyte. It is
considered as an intermediate temperature fuel cell as it
operates at a temperature higher than polymer electrolyte
fuel cell but lower than traditional solid oxide fuel cells
(SOFC), typically at 650 °C. Its ability to cope with the
different fuel types such as hydrogen, natural gas, light
alcohols and its operation without noble metal catalysts,
distinguishes it from low temperature fuel cells. Over the
last five decades, the MCFC technology has made impres-
sive progress and a number of MCFC-based power gener-
ators are currently being demonstrated across the world.
With the years of academic and industrial R&D in various
countries such as USA, Japan, Korea and EU, the MCFC
technology is approaching mass commercialisation. It is
rather interesting that despite the issues such as materials
stability in corrosive environments, and lower power densi-
ties as compared to other fuel cells, MCFC has emerged as
the preferred technology when it comes to commercialised
stationary power generation. Various companies worldwide
are field testing kilowatt to megawatt class MCFC power
generation systems. Some of these companies are also of-
fering MCFC systems to customers such as hospitals, hotels,
data centres and other industries with relatively smaller
power needs such as waste water treatment plants. Other
application areas such marine transportation are also being
explored for MCFCs. As a result of the focused R&D and
commercialization efforts, MCFC is now the leader in terms
of the number of installed power generation units among all
fuel cell technologies [2, 3]. Table 1 summarises the recent
technology status of the major companies working in the
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MCEFC area. For a detailed description of the current tech-
nology status, readers are referred to the reference [2].
Figure 1 shows the schematic of the working structure of
a typical MCFC. The electrolyte mixture (molten carbonate
salts) is held in the porous ceramic matrix between a porous
anode and a porous cathode. At equilibrium, all matrix
pores, being smaller in diameter as compared to electrode
pores, are filled with electrolyte, while electrode pores are
partially filled permitting diffusion of gaseous species. The
partially filled pores in electrodes provide triple-phase
boundaries (solid electrode, reactant gas and liquid

Table 1 The commercial developers of MCFC technology and current
status of their technology [2, 3]

Company Technology features

* World leader in terms of installed MCFC
units

* 300 kW-2.8 MW units, commercially
available

Fuel Cell Energy,
USA

» Combined heat and power with gas
expansion turbine delivers up to
65 % efficiency
* Fuels: natural gas and anaerobic digester gas
with internal reforming
CFC Solution,
Germany

* Hot module concept: all moving components
in a single enclosure

* 250 to 500 kW power. Electrical efficiency
up to 50 % for AC applications

« Lifetime of 30,000 h in pilots
(single stack)

* Fuels: sewage gas, natural gas
and biogas compatible

Ansaldo Fuel Cells
(AFCo), Italy

« Standardised stack components, two
electrochemical modules per unit

e 1 kW-MW range

* 20,000 h of grid connected
operation demonstrated

* Validated for fuels such as diesel
and coal gas

* Technology in final pre-
commercialization stage

Ishikawajima-Harima < Pressurised MCFCs operation

anvy s (IHI » 1 MW pilot plant operated for 5,000 h
sz;lrsl s (IHD),  Achieved 51 % total efficiency in pilot plant
* Best operation time of 16,000
h achieved
« High performance stacks 1.5 kW m 2
MTU * 250 kW MCFCs commercialised for
Friedrichshafen, residential applications
Germany * Demonstrated 240 kW unit

compatible with different fuels
such as natural gas and methane

* 40-125 kW distributed power
generation

Gencell Corporation,
USA
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Fig. 1 A schematic of operating principle of a MCFC

electrolyte) for redox reactions. The stable electrolyte/gas in-
terface in the MCFC electrodes is based on a capillary pressure
balance inside the pores of electrodes which, in turn, depends
upon surface tension of molten carbonate and the contact angle
with the matrix and electrodes. The electrochemical reaction
involves formation of the carbonate (CO5”") ion at the cathode
and its transport to anode via the molten carbonate mixture. At
the anode, the carbonate ion is reduced by fuel (hydrogen) to
form water and CO,. The electrons produced flow through the
external circuit to complete the reaction.
The electrochemical reactions are given as:

Anodic reaction : H, + CO32_ — COy+2e” +H,0 (1)
Cathodic reaction : 1/20, 4+ CO; + 2e~ — CO;*~ (2)

Overall reaction : H, + 1/20; + CO, — H,0 + CO, (3)

The carbon dioxide required for cathodic reaction (Eq. 2)
can be recycled from the anode chamber exit. The Nernst
potential or open circuit voltage of a single cell is given by,

E=Ey+RT/2F anPHz(a) XpOz(c)l/z/pHZO(a)> : <Pcoz(c)/l7coz(a>>]
(4)

Where E| is the voltage at standard pressure, R, T, F are,
respectively, the universal gas constant, the temperature and
the Faraday constant, while pro, and p, are partial pressures
of CO, and O,, respectively. In the equation, subscripts (a)
and (c) denote, respectively, the anode and cathode sides of
the cell. As in case of any fuel cell, the operating voltage at a
particular current density is determined by the voltage losses
due to the following:

Ohmic resistance: Electrolyte resistance, ohmic resis-
tance of electrodes and contact resistances
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Electrode polarisation: Polarisation or charge transfer
reaction at anode and cathode

Concentration polarisation or mass transport losses: This
type of loss is typically observed at higher currents when the
diffusion of reactants or products across the pores in electro-
des is not fast enough.

The actual output voltage obtained at current i, assuming
no concentration polarisation losses, is given by:

V =E — iRge — in, — in, (5)

Rge, n. and n, are the electrolyte resistance, cathodic
overvoltage and anodic overvoltage, respectively. Figure 2
shows a typical polarisation curve of an MCFC compared
with the V-I characteristics of other types of fuel cells [4]. It
can be seen from Fig. 1 that MCFC V-I characteristics are
easily distinguishable from other types of fuel cells. A
typical MCFC shows V-I linear characteristics with mainly
ohmic losses dominating; however, it also offers the highest
efficiencies at the lower end of the current densities.

The conventional material choices for MCFC compo-
nents are presented in Table 2. During the lifetime operation
of MCFC, each of the MCFC components shows perfor-
mance degradation resulting in increased overpotentials and
ohmic resistance, thus reducing the net voltage (or current
density) available from the cell. The state of the art MCFC
materials and the various causes of degradation of MCFC
components are listed in Table 2 [5, 6]. The degradation in
MCEFC typically proceeds in two stages as shown in Fig. 3:

Linear decay: This type of degradation occurs due to
the increase in the ohmic resistance of the cell and
polarisation resistance of the electrode, mainly cathode,
caused by the loss of carbonate electrolyte due to vapor-
isation or reaction with cell components.

Accelerated decay: This occurs due to the internal short
circuiting caused by Ni shortening phenomenon
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Fig. 2 Polarization curve of MCFC compared with those of other
types of fuel cells. Figure reprinted from [4] with permission from
the publisher

(discussed in detail in the following section) and fuel
crossover through the matrix.

To compete with conventional power generation systems,
a generally agreed target life span for MCFCs is ~40,000 h
and the system is allowed to be shut down after this period.
To achieve the required lifetime and reduce costs, the
MCFC component materials need to be modified or new
materials need to be developed. Also investigation on the
fundamental understanding of various MCFC electrode pro-
cesses such as cathodic oxygen reduction, effect of carbon-
ate melt wettability on MCFC materials and mechanisms of
corrosion of cell components are critical to achieve this goal.
Apart from materials’ stability, the cost of the MCFC system
needs to be lowered for mass commercialization. At present,
the average installed cost for a commercially available
MCEFC like FCE Inc’s DFC 1500 module exceeds $4,000
per kW in which the fuel cell stack module cost is $2,400
per kW with the materials’ cost as the major contributor
(59 %) as indicated in ‘Technology Gap Assessment’ by US
National Renewable Energy Laboratory [7]. The high costs
of MCFC stacks are attributed to relatively lower power
densities (~120 mW cm ) of MCFC systems, and a 20 %
improvement in power densities can substantially reduce the
cost of power from MCFC. If the installed cost of MCFC
can be reduced to $2,000 per kW, it could be a preferred
choice for stationary power generators above 400 kW range.

Thus, even though the MCFC technology is already
commercialised to some extent, there is always a demand
for better and cheaper materials to improve the performance
and make MCFC an effective replacement for traditional
power generation. Hence R&D is continuing around the
world to resolve the outstanding issues, improve the overall
performance and lifetime of the system and reduce the
present cost of the MCFC system. In this review, the MCFC
materials challenges and the R&D trends over the past
decade are discussed.

MCEFC cathode

General requirements for MCFC cathode materials, besides
sufficient electrical conductivity, are limited solubility in
carbonate electrolyte at the operating temperature, sufficient
porosity (Table 2) to allow the diffusion of reacting species
and stability in oxidising atmosphere. At present, lithiated
NiO foam is the material of choice for MCFC cathode
application. Pure NiO is an n-type semiconductor and the
doping with Li*" ion enhances the conductivity by creating
extra electron holes for conduction by replacing Ni*" with
Ni**, thus enhancing the electrical conductivity of the cath-
ode. Lithiated NiO also offers better catalytic properties for
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Table 2 The MCFC component materials employed by different developers and associated outstanding issues [2, 5]

Component Typical material used Outstanding issues Approach/solution
Anode Porous Ni, Ni—Cr, * Susceptible to creep « Alloying with other metals
Ni-Al
Pore size 3~6 pum * Reduction in surface area due » Addition of intermetallic phases
to sintering
Porosity 50~70 % * Insufficient anode wetting « Surface modification and additives
Sp. area 0.1~1 m? g by carbonate melt. such as Ce to enhance the wettability
Cathode Porous lithiated NiO * Dissolution in electrolyte Details in Table 3
Pore size 7~12 um
Porosity 70-80 % F * Short circuiting across the
Sp. area 0.5 m* g matrix by metallic Ni
Matrix Porous Li—aluminates * Cracking due to thermal cycling * Alternative materials
Pore size 0.2~0.5 pm » Additives such as alumina
Porosity 50~60 % * Loss of capillary retention * Matrix reinforcement
Sp. area 0.1~10 m* g of electrolytes
Electrolyte Li-K or Li-Na * Corrosion of cell components * Rare earth or alkali metal additives
carbonate eutectic * Evaporation to electrolyte
Bipolar plates/ Stainless steel SS316, SS310 * Corrosion, Cr dissolution « Coating or cladding with Ni

current collectors

* Short-circuiting if conductive
corrosion products precipitate

» Additives to MC melt

« Corrosion inhibitor coatings
« Alloying of steel
 Conductive ceramic coatings

oxygen reduction reaction as compared to bare NiO. Although
NiO fulfils the performance requirements such as catalytic
activity and electrical conductivity, its dissolution in carbonate
electrolyte is one of the issues that limits MCFC lifetime
[8—10]. Further, the stainless steel plates are used in the
hardware parts like cathode current collectors, and there is a
possibility that trivalent species like Fe** from these materials
may become incorporated into the NiO lattice of the cathode
and thereby increase the cathode resistance, although this
mechanism has been reported to be insignificant in practical
operations by some researchers [11].
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Fig. 3 The stages of progression of voltage degradation over the
lifetime of a MCFC based upon data presented in [20]
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The dissolution reactions of NiO in molten carbonate are
given by:

NiO (s) — Ni** + 0>~ (6)

30*" 4 CO, — COs* (7)

Over the past three decades, various researchers have
published a number of articles on the studies of the disso-
lution mechanism of NiO in carbonates and the reduction of
the effect thereof [12—15]. Since the dissolution takes place
via the formation of Ni*" and O, the solubility and the
dissolution rate of NiO in a carbonate melt is dependent on
the acidic or basic character of the carbonate melt. Depend-
ing upon the carbonate melt composition and the molar
ratios of the constituent carbonates, the acidic and/or basic
type of dissolution behaviour can be observed in MCFCs.
For example, in the case of Na,CO3/K,CO3 mixture, both
acidic and basic dissolution mechanisms are identified,
while for Li,CO;/K,CO5 mixture, only a basic type disso-
lution occurs when the percentage of K,CO; is low (below
50 mol%) in a mixture. Apart from the acid—base character,
the rate of dissolution is dependent on temperature and CO,
partial pressure. In general, higher CO, partial pressure in
the cathodic chamber and higher temperature lead to higher
rate of NiO dissolution. High dissolution rates are a partic-
ularly significant problem under pressurised MCFC opera-
tion which is desirable for high efficiency. It is particularly
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important for practical MCFC operation considering that the
pressure of 12 atmospheres would be required on the cath-
ode side to attain a 60 % efficiency based on high heat value
in combined heat and power plants with a gas turbine as
indicated by Mitsushima et al. [16]. In addition to Ni/Ni*"
reduction (Eq. 6) in cathode dissolution, the solid-state
phase formation between carbonate melt and NiO (NaNiO,)
at lower cell potential is possible at operating temperature of
650 °C as concluded by Belhomme based upon his cyclic
voltametric studies carried out on NiO dissolution in
Li,CO3/Na,CO; [17].

The dissolution of NiO cathode leads to increased ca-
thodic polarisation due to structural changes, possible phase
change and Ni shortening. The shortening takes place when
Ni*" ions formed in the cathode chamber are transported to
the anode and reduced by fuel (hydrogen) to form solid
nickel particles. The Ni particles then migrate across the
matrix causing the short circuit providing pathways for
electron conduction. The rapid degradation in cell voltage
occurs due to the internal cell short circuit via percolation of
Ni particles. The time taken to short circuit (shortening time)
the cell depends upon the thickness of the matrix, partial
pressure of CO, and the operating temperature of the cell.
Various researchers have proposed different empirical cor-
relations to calculate the shortening time [18-20]. In gener-
al, the internal shortening time can be expressed as
proportional to the inverse of carbon dioxide partial pressure
(Pco,) and to the square of the matrix thickness (L). The
general model equation for the estimation of shortening time
can be given as: ty = KL? /Pco,. Yoshikawa et al. suggested
an empirical correlation for Ni shortening time as [16, 19]:

1y = 6.90 x 106L2.05P68.27ee(548 kJ mol ™! /RT) (8)

This correlation is based upon experiments carried out on
MCEFC with Li,CO3/Na,Cos (52:48 mol%) electrolyte and a
tape casted y-LiAlO, matrix (49 % porosity). The matrix
thickness was varied from 0.052 to 0.113 cm and shortening
time was determined for various thicknesses. It should be
noted that the Ni shortening is a complex process and may
vary from system to system depending upon the matrix pore
structure and electrolyte melt composition, and hence dif-
ferent researchers have proposed varying values for coeffi-
cients and powers in the empirical formula. The instability
of Ni particles and the possible particle growth by Ostwald
ripening further add to the complexity in determining these
values accurately.

As an effect of cathode dissolution, the performance of
MCFC, measured as the output voltage at a particular cur-
rent, degrades over time even before the shortening occurs.
Recent results from long-term testing (60,000 h) carried out
with a bench-scale MCFC by Morita et al. at Central

Research Institute of Electric Power Industry, Japan indicat-
ed that MCFC degradation proceeds in two stages as shown
in Fig. 3: the first stage consists of a gradual degradation due
to electrolyte loss (increased electrolyte resistance) in the
matrix and electrodes, followed by a rapid degradation due
to structural changes in the cathode and gas leakage [20].
The time—voltage transient indicated that the decay rate is
4 % (3.3 mV per 1,000 h) of open circuit voltage (OCV)
after 10,000 h followed by 8 % (3.5 mV per 1,000 h) after
20,000 h. After 26,500 h, rapid decay in voltage was ob-
served which was attributed to the cathodic overpotential
based upon the observation of output voltage of the cell by
varying only the cathode gas compositions, keeping other
operation variables constant. It is rather interesting that the
rapid degradation in voltage occurs even before Ni shorten-
ing takes place. From the empirical formulae, the shortening
time was estimated to be 31,000 h while actual shortening as
indicated by increase in ‘short-circuit’ current density was
observed to onset at 29,000 h under the experimental con-
ditions. Despite the fact that the shortening phenomenon
started only after 29,000 h, the performance of the cell
decreased rapidly after 26500 h, indicating that the transfor-
mation from the gradual degradation phase to rapid degra-
dation takes place because of the increase in cathodic
polarisation losses (O reduction). Thus, NiO dissolution
leading to structural changes or Ni shortening or both con-
tributes significantly to the performance deterioration of
MCEFC. Thus, while engineering the MCFC cathode and
estimating the lifetime, a careful consideration must be
given to the increased polarisation before Ni shortening.
Various approaches have been taken by the developers and
researchers to reduce the dissolution and to arrest the short-
ening (Table 3). The following are major approaches pres-
ently being pursued actively:

1. Use of alternative materials in place of NiO or modifi-
cation of NiO by doping or coating.

2. Use of additives to molten carbonate electrolyte to in-
crease basic character and suppress the dissolution.

3. Optimising the operating conditions and parameters to
minimise the dissolution rate.

Alternatives to NiO as MCFC cathode

Several alternative cathode materials such as LiFeO,,
Li,MnO; and LiCoO, have been investigated to replace
NiO [14]. Substantial efforts were carried out by research
groups at ECN, Technical University (Netherlands) of Dellft,
Royal Society of Physics and Argonne National Lab (USA)
in the 1990s towards the development of LiCoO, and
LiFeO, cathodes [21-23].

The major issue with undoped LiFeO, and Li,MnO;
(~0.0014 Scm ! at 650 °C) is low electrical conductivity
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Table 3 Various approaches adopted by the MCFC developers to improve the cathode performance

Approach Materials Performance” Ref  Comments/issues
Additives used Co 20 mol% 66 [40]  Charge transfer resistance
in NiO cathode Co 1.5 mol% 40 [41] lower than NiO
Co0304 nanopowder 10 [43]
Ce/Co (9.5 % Co/5 % Ce) 80 [42]  Porosity equivalent of NiO cathodes
ZnO 2 mol% 94 [44]  Charge transfer resistance
higher than NiO
Dissolution of ZnO in melt
MgO 8 mol% 13 [16] Increased cathodic polarisation
La 0.3 wt% 90 [45] Lowered charge transfer resistance
Dy 1 wt% 40 [46]  Requires further electrochemical testing
Coating on LiMgg 05C00.9502 Stable for 700 h at [48]  Conductivity higher than bare NiO cathode
NiO cathode Sol-gel impregnation technique 100 mA cm 2 (0.8 V)
LiCo0,, electrochemical 67 [50] High charge transfer resistance

potentiostatic deposition
(Li from carbonate melt)

5 % CoO 90 [51] -
Mechanofusion of Co particles on Ni
LiCoO, 50 [52] Improved voltage efficiency
PVA-assisted sol-gel method compared to NiO
Electroplating LiCoO, 84 [55] Improved voltage efficiency compared
to NiO. Stability at higher pressures
needs to be evaluated
LSC 34 [59] Higher cathodic overpotential requires
Sol gel coating optimization in porosity
Gdg ¢Sry.4C003 Stable cell performance for [61] Promising coating material
Vacuum suction 2,200 h at 150 mA cm 2
(0.85V)
Carbonate melt CaCO3 9 mol% 20 [64]  The amount of additives needs
modification by additives BaCO; 9 mol% 20 [64] to be controlled
Y,03 25 [64]  The long-term performance under
Gd,03 10 [64] load need to be verified
CeO, 40 [64]
La,052 % 90 [65]
[20]

MgO

78 % reduction in solubility

20

of Nig.02Mgo.0s0

 Percent reduction in NiO solubility or as specified

which is two to three orders of magnitude lower than the
lithiated NiO (15 Scm™ ') cathode [25]. The electrical con-
ductivity and polarisation resistance of these materials can
be reduced by doping with dopants such as Co and Nb.
Cobalt-doped LiFeO, shows a 30-fold enhancement in elec-
trical conductivity and Nb-doped LiFeO, shows 60-fold
enhancement in conductivity; however, only Co-doped
LiFeO, shows a p-type conductivity required for MCFC
cathode [26]. Despite the improvement in conductivities,
the conductivity of these materials was still lower than
NiO, and the overall cathodic overpotential was found to
be more than twice that of NiO cathode materials at 650 °C.
Furthermore it was found that the electrical conductivity of
LiFeO, cathode is affected by the ratio of Li/Fe which in
turn is dependent on the CO, partial pressure. At high CO,
partial pressures (>0.002 atm.), the LiFeO, phase is ‘balanced’
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(Li/Fe is 1:1) and resistivity of the cathode is high (300 2 cm
at 650 °C), while at low CO, partial pressures, the Li from the
carbonate melt reacts with LiFeO, resulting in a Li-rich phase
with resistivity of an order of magnitude lower than the
balanced phase (3 €2 cm at 650 °C) [27, 28].

LiCoO; as MCFC cathode

While LiFeO, and Li,MnOj; attracted limited attention, the
other prospective candidate cathode LiCoO, gained consid-
erable attention and is considered as the most suitable
single-phase replacement cathode material because of its
relatively lower resistivity (1 2 cm at 650 °C), low solubil-
ity (0.5 ug cm > h™', which is an order of magnitude lower
than NiO) and faster cathodic kinetics as compared to
LiFeO5 [22].
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In Fig. 4, the alternative cathode materials are compared
with NiO on the basis of cathodic polarisation at various
current densities. It is rather interesting that the intrinsic
catalytic properties towards oxygen reduction of all three
alternative cathode materials are comparable, but it is the
better electrical conductivity of NiO-based cathodes that
lowers the overall polarisation resistance [29].

A number of synthesis methods are reported for LiCoO,
cathodes for MCFC as well as for other applications such as
Li-ion battery electrodes [30]. These methods include sol—
gel processing, molten salt synthesis, hydrothermal process-
es and precipitation routes [25]. It is well known that the
synthesis route and starting materials have a pronounced
effect on the characteristics of the final electrode. Indeed,
the LiCoO, powders synthesised with different methods
have shown considerable variation in particle size, morphol-
ogy, defect structure and oxygen non-stoichiometry. Hence
an opportunity exists for MCFC researchers to develop
LiCoO, cathodes with an engineered microstructure to en-
hance the electrochemical performance. In such an effort,
Lundblad et al. reported the preparation of LiCoO, cathodes
via the thermal decomposition of carbonates followed by
tape casting of the powder with micronized pore formers
[31]. They sintered anodes in air and argon atmosphere at
relatively lower temperatures (700 °C for air and 500 °C for
argon) to obtain a fine microstructure. The electrical con-
ductivity (0.31 Sem™') of the cathodes sintered at lower
temperatures was found to be comparable, exceeding the
minimum required conductivity of 0.8 Secm™' for MCFC
cathode indicating sufficient sintering was achieved. The
polarisation studies also revealed the overpotential drop of
57 mV at 160 mA cm 2 current density which is a reason-
able value for MCFC cathode. However, the contact resis-
tance drop between the current collector and these cathodes

500
¢650C
©700G LiFeO,
400
©650C
LiCoO,
0700C

300  +650Cc  NIO

200

Cathode polarisation / mV

100

0 50 100 150 200
Current density / mA cm™

Fig. 4 Comparison of overvoltage losses of alternative cathode mate-
rials with NiO cathode. Figure reproduced from [24] by permission of
The Electrochemical Society

was about 70 mV at 160 mA cmfz, while for the state-of-the
art NiO cathode is only 25 mV. The high contact resistance
between the current collectors and cathode has been the
issue for LiCoO, cathodes prepared with traditional sinter-
ing methods as reported by Bergman [32]. The cathode
polarisation overpotentials in excess of 250 mV at 1 A
cm > were observed for LiCoO,. while for NiO cathodes
overpotentials were about 100 mV at same current density.
The reason behind the increased overpotential was attributed
to the formation of a corrosion layer between the current
collector (AISI 310) and cathode with a more pronounced
effect for LiCoO,. In the case of LiCoO,, the corrosion layer
was found to be more porous and comprised of a mixture of
iron and cobalt phases, while in case of NiO, it was found to
be single phase rich in nickel. In addition to the higher
contact resistance, the lower mechanical strength of LiCoO,
as compared to NiO cathodes is also a major issue hindering
its use for large area cathodes which is a key requirement for
commercial stationary power generators. Furthermore the
high cost of cobalt precursors used in the synthesis as
compared to Ni can be an issue in commercial development.
At the time of writing this manuscript, the price of US $228
per kg was quoted for cobalt nitrate (ACS grade), while for
nickel nitrate (ACS grade), it was US $88 per kg, for 5 kg.

LiFeO,-LiCoO>,—NiO ternary systems

As the alternative cathodes lack electrochemical perfor-
mance and practical suitability, the concept of ‘composite’
or multi-component systems was proposed by Bloom et al.
[33]. It was hypothesised that LiFeO, would reduce the
dissolution rate while high conductivity phases such as
NiO and LiCoO, improve the electrochemical performance
in such a system. They investigated the phase formation and
stability in LiFeO,—LiCoO,—NiO ternary system to improve
the conductivity while lowering the dissolution rates. Sev-
eral compositions with varying molar ratios of constituent
oxides were investigated, and it was concluded that for
LiFeO,—LiCo0O,—NiO ternary system two regions of homo-
geneity exists in the phase diagram: one rich in LiFeO,—NiO
solid solution and other rich in LiCoO,. The lowest resis-
tivity among the ternary system was reported to be 2.6 {2 cm
for 75 mol% LiFeO,, 12.5 mol% LiCoO, and 12.5 mol%
NiO. In actual cell tests, the MCFC with these cathodes
delivered a voltage of 0.79 V at 160 mA cm > at 650 °C.
No mass transport loss was observed indicating adequate
porosity. More recently, Wijaysinghe et al. reported the
performance of laboratory-scale MCFCs (3 c¢m?) cathodes
prepared with 20 mol% LiCoO, in 25:75 LiFeO, systems
[34]. They prepared starting powders for the cathode via the
Pechini process followed by tape casting on a Li-alumina
matrix with Li,CO5/K,CO3 electrolytes and standard Ni—Cr
alloy anodes. The steady-state polarisation indicated
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cathodic polarisation as low as 62 mV at 160 mA cm 2 with
80:20 H,/CO, as a fuel gas at 650 °C. Furthermore, the iR
drop including the contact resistance was found to be only
46 mV which is nearly the same as for NiO cathodes. Thus,
the multi-component cathode systems have shown a prom-
ising alternative to conventional NiO, though further inves-
tigations on solubility and long-term performance are
required. Wijaysinghe et al. also reported the effect of syn-
thesis methods on the fabrication and performance of ternary
cathode materials [35, 36]. According to their investigation,
the Pechini process seems an appropriate method for prepar-
ing starting powders as compared to glycine nitrate route, as
the glycine route yields sponge-like structure leading to diffi-
culty in cathode fabrication. Furthermore it was reported that
the sintering temperatures higher than 1,000 °C may lead to
evaporation of Li in porous cathodes resulting in formation of
Co0, and Fe,O5 in these systems which is detrimental to
cathode performance. Based upon their studies on trade-off
between porosity, stability and conductivity, the sintering
temperatures in between 800 and 900 °C were recommended
for ternary cathodes with micron-size graphite pore formers.

NiO modification
NiO cathodes modified by addition of oxides

MCFC cathode stability can also be improved by the addi-
tion of additives such as oxides of transition metals, rare
earths, etc. to NiO powder. The additives can be added to
NiO source powder with traditional approaches such as ball
milling, shear mixing or adding cation source compounds
such as nitrates. The milled mixture can be subsequently
tape casted and sintered on an electrolyte tile as in typical
MCEFC fabrication methods. During heat treatment, the
additives may react with NiO to form a solid solution or
intermediate phases or may remain as a separate phase
sintered to NiO particles. The enhanced stability of such
cathodes is typically attributed to preferential dissolution of
additives and/or improved ability to incorporate Li from the
carbonate melt; however, more studies are required to un-
derstand the detailed mechanism by which additives im-
prove stability.

Cathode stabilisation with cobalt Cobalt is considered as
one of the promising additives for NiO cathodes and is
widely studied by MCFC researchers. Zecheva and Stoya-
nova reported in the early 1990s that substitution of a small
amount of cobalt in lithiated Ni increases the degree of
lithiation (lithium incorporation) which in turn increases
the amount of Ni*" [37]. The increased valance on Ni*"
bonds better with O” in the lattice as compared to Ni*",
thus improving the stability of the material. Enhanced lith-
iation not only improves the stability but also decreases the
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charge transfer resistance up to orders of magnitude as
reported by Escudero et al. [38]. In Li-ion battery cathodes
also, it was observed that the addition of Co improve the
electrochemical properties of the electrodes significantly [39].

For MCFC application, Ganesan et al. reported the char-
acterization of a cathode with 20 mol% Co-doped lithiated
NiO (LiNig gCo¢,0,) prepared via a non-aqueous tape cast-
ing of oxide powders synthesised by traditional solid-state
reaction [40]. In the solubility tests under typical MCFC
conditions, the atomic absorption spectroscopy revealed
9 ppm mol fraction of nickel in carbonate melt for modified
cathode and 27 ppm nickel for undoped cathode after 100 h.
However, a cathodic polarisation of about 95 mV was
observed for a doped cathode as compared to only 55 mV
for an undoped NiO. The electrochemical impedance spec-
troscopy (EIS) measurements under varied cathodic gas
conditions indicated that the fundamental mechanism of
oxygen reduction is similar to NiO cathode and the cathodic
charge transfer reaction follows a positive order for O,
concentration and a negative reduction order for CO, as in
case of NiO. The higher polarisation resistance was attrib-
uted to decreased porosity in Co-doped NiO cathodes
(38.5 %) as compared to bare NiO (5055 %). Thus, it is
evident that while selecting the additives for MCFC cath-
odes, it is critical to understand the effect of additives not
only on dissolution and intrinsic electrochemical properties,
but also on the microstructure of the cathodes as the phe-
nomenon such as reduction in porosity or change in pore
structure would obviously has a pronounced effect on
MCEFC cathode performance. One of the approaches is to
use the lower amounts (1 to 10 %) of additives to avoid any
significant change in microstructure. Senung-Goo Kim
reported the performance of 1.5 % CoO and 1.5 % LiCoO,
prepared by mixing nitrates of respective metal with NiO
followed by tape casting [41]. The cells with modified
cathodes demonstrated power densities of 125 mW cm >
after 1,000 h of operation. Although the power density was
found to be slightly less than bare NiO (129 mW cm ?)
cathodes, the amount of precipitated Ni in carbonate melt
was 40 % less in the case of doped cathodes after 1,000 h of
operation.

The cathodes made with NiO particles coated with oxides
(core—shell structure) or with oxides finely dispersed on NiO
particles have been evaluated in recent years. Kim et al.
reported synthesis and characterization of cathodes with
finely dispersed Ce/Co on NiO particles prepared via poly-
meric precursor using the Pechini process [42]. The sintered
cathodes were shown to retain the microstructure similar to
traditional NiO cathode with pore size of 6—10 pm and up to
80 % porosity for 10 mol% Ce/Co (9.5 mol% Co and
5 mol% Ce)-doped composition. Based upon 350 h of
testing, the dissolution of these cathodes (5.54 ppm) was
lowered to 80 % of the pure NiO (30.35 ppm) at 650 °C



J Solid State Electrochem (2012) 16:3123-3146

3131

-1200 4 °

« pristine NiO 4 .
Ni,,Co,,0 .

-800 - N & o0°

-1000 -

m
E
N -600

-400 o 10 x 0

-200 . * o g

o] £

ztea!

Fig. 5 Effect of addition of cobalt nanoparticles on NiO cathode
polarisation, as shown by the impedance spectrum. Figure reprinted
from [43] with permission from the publisher

under standard cathode conditions. Since the manufacturing
process is potentially scalable, this approach appears prom-
ising for trials in commercial settings. Recently Kim et al.
reported the effect of cobalt nanoparticle addition on the
dissolution of NiO [43]. They reported that NiO cathodes
mixed with Co30,4 nanopowder (10 mol%) results in in situ
formation of solid solution resulting in Nig9Cog ;O forma-
tion, which showed an order of magnitude lower charge
transfer resistance at 650 °C under (0.66/0.33 CO,/0,)
atmosphere (Fig. 5). The improved charge transfer resis-
tance was attributed to enhanced lithiation as the neutron
diffraction studies on cathodes after 100 h of testing
revealed that the concentration of Li was 3.4 mol% in these
cathodes as compared to 2 mol% for NiO. The cathode
particles showed a core—shell-type structure with lithium
concentration decreasing from the surface to the core. The
dissolution of these cathodes was reported to be 8.3 ppm
which is significantly lower as compared to NiO (30.3 ppm)
after 300 h at 650 °C under (0.66/0.33 CO,/0O,) atmosphere
in (Lig.62K0.38)2CO3 melt.

Cathode stabilisation with other oxides Besides Co, a num-
ber of other metal oxides such as ZnO, MgO, FeO; and a
number of lanthanides have been investigated as additives.
B. Huang et al. reported the effect of 2 to 10 mol% addition
of ZnO on NiO stability [44]. The solubility tests at 65 °C
under 0.67 atm. C0O,/0.33 atm. O, atmospheres indicated
that even with 2 mol% addition of ZnO the cathode solu-
bility decreases to 2.32 mol ppm (Ni*") from 35 mol ppm
for bare NiO cathode for 200 h. The reason behind the lower
solubility was attributed to preferential dissolution of ZnO
to increase O® concentration in the melt which pushes the
equilibrium in Eq. 6 to the left hand side as per le Chatelier’s
principle. This hypothesis was confirmed from XRD which

revealed that the peak for ZnO had completely vanished
after 200 h even with 20 mol% addition of ZnO to the
cathodes. As ZnO content increases, the dissolution rate of
Ni decreases only slightly but charge transfer resistance
increases by an order of magnitude from 275 Q (2 wt%
ZnO) to 1,906 Q) (6 wt% ZnO). Escudero et al. reported the
effect of 0.3 to 0.8 % lanthanum additions on MCFC cath-
odes [45]. They also reported the best electrochemical per-
formance and the highest degree of lithiation with 0.3 wt%
La as compared to 0.5 wt% La. Similar results have been
reported for Dy-doped NiO cathodes by Liu et al. [46]. Only
1 wt% of Dy effectively reduces the dissolution of 19.4 to
11.8 ppm. The improved performance was attributed to
enhanced lithiation and increased basicity of the melt by
preferential dissolution of Dy. It is not however clear why
the dissolution rate and performance varies significantly
with only a little variation in the amount of additives. For
practical applications, the addition of a rare earth such as Dy
in low amounts can be an option considering the recent
decrease in the price of Dy; however, more studies in actual
cells for longer durations are required. Hunag et al. reported
the EIS studies and solubility studies on 0.3, 0.6 and 1 wt%
yttria-added NiO [47]. They observed that the addition of
yttria not only promotes the charge transfer reaction as
shown in Fig. 6, but also lowers the dissolution rates of
Ni, from 35 mol ppm (NiO cathode) to 1.65 mol ppm (with
0.3 wt% yttria). Further it was reported that the variation in
charge transfer resistance and double layer capacitance
(which is related to interfacial area) in the samples containing
yttria stabilises after 200 h. While it is evident from recent
MCEFC literature, the enhanced lithiation and preferential
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Fig. 6 Effect of addition of yttrium oxide nanoparticles on NiO

cathode polarisation, as shown by the impedance spectrum. Figure
reprinted from [47] with permission from the publisher
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dissolution of additives in the carbonate melt contributes to the
improvement in stability of cathodes. However, the EIS
obtained in these reports are under OCV conditions and studies
are required to find out stability under load conditions. Also the
details on the spatial dimension of the additive-rich layer in the
carbonate melt and its stability under high cathodic current
densities need to be investigated. It is well known that high
current densities significantly alter the ceramic electrode’s
performance as well as the structure and interfacial dynamics.

NiO cathodes modified by protective coatings

LiCoO; as a cathode coating The modification with coating
layer of protective oxide approach involves fabrication of
NiO typically by tape casting and using a porous tile as the
skeleton. A number of different methods can be used for
coating, such as wet impregnation, dip coating, sol-gel
methods, electrophoretic depositions, potentiostatic electrol-
ysis depositions, chemical vapour deposition and laser ab-
lation. The spinel materials LiFeO, and LiCoO, are obvious
choices as coating material. Since LiFeO, has low conduc-
tivity, LiCoO, has been studied extensively as a coating
material using a number of different coating methods
[48-52]. In all cases, the cathode stability improved signif-
icantly as indicated by decreases in solubility in carbonate
melts by about an order of magnitude. Brenscheidt et al.
have shown that 40,000 h of operation can be achieved with
a 95-um LiCoO, coating on porous NiO support [53].
Further, the process such as sol-gel dip coating could be
relatively simple and cost effective for practical applica-
tions. A typical example of such a process is shown in
Fig. 7. In recent work at ENEA laboratories, the NiO cath-
ode was coated with LiCoO, via a complex sol—gel process
[54]. After coating the Fe-MgO-doped NiO cathode with
the precursor, the cobaltite film was formed in situ in a
MCFC. The coated cathodes demonstrated improved stabil-
ity and comparable polarisation resistance with NiO catho-
des. While the results indicate the potential of the method
for making it applicable for practical applications, the
various factors such as cations to fuel ratio, the complex-
ing agent and gelation type need to be comprehensively
studied. Furthermore the physical characteristics of the
coated film such as thickness and effect of coating on
microstructure need to be carefully adjusted as the polar-
isation resistance of the cathode could increase signifi-
cantly with the reduction in porosity. One of the other
issues in coating process involves the fabrication of the
coated matrix, and dipping in the solution baths would be
in the handling of the fragile large area matrix in com-
mercial environments. The methods as such use coated
particles for tape casting, or in situ formation of the
protective layer could be a better alternative as it avoids
the additional processing step (dipping).
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Fig. 7 Flow diagram of typical PVA-assisted sol-gel coating process
for NiO cathode. Figure redrawn from [52]

In addition to the chemical routes, the electrochemical
coating processes such as electroplating or potentiostatic
deposition can be used to coat the cathodes in situ or ex
situ. The electrochemical performance of MCFC with in situ
deposition of LiCoO, on NiO cathode by electroplating was
studied by Kuk et al. [55]. They reported formation of hcp-
structured LiCoO, spinel on the cathode of MCFC and the
cell delivered the power density of 120 at 150 mA cm > for
300 h of operation. The fundamental studies on correlation
between the exact nature of the films formed in terms of
oxidation states; crystal structure and thickness; and pro-
cessing parameters such pH, deposition voltage/current,
etc., are scarce in open literature. Mendoza et al. presented
a study on the potentiostatic deposition of CoO on Ni foil
and on rotating disc electrodes [56]. They concluded that a
previously oxidised NiO provides better adherence when
coated at a lower applied oxidation potential of 0.50 V with
a pH of salt bath at about 7.4. Higher oxidation potentials
(>0.50 V) lead to agglomeration of deposited particles and
poor adherence. Furthermore, they concluded that irrespec-
tive of processing conditions, the Co30,4 is formed after
deposition and it changes to CoO after annealing at 700 °
C. After the cobalt oxide coating is formed, its lithiation can
be done in situ in MCFC. Typically, in the presence of
molten carbonate, lithiation of cobalt oxide films takes place
within a few minutes [57]. As is the case in chemical
processes, the electrochemical processes can be modified
with chelating agents or stabilisers to obtain a higher depo-
sition rate or better quality coating. However, these addi-
tives must be carefully chosen to suit the deposition process.
Mansour et al. reported a study on the effect of complexing
agent in the coating of a MCFC cathode using the
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potentiostatic process [58]. They concluded that glycine
used in higher concentrations has a negative effect on the
coating rate and adherence. Hence, the use of the complex-
ing agents such as citrates or tartrates is recommended in the
electrochemical deposition process instead of glycine.

Other coatings In addition to LiCoO,, other coatings such
as lanthanum strontium cobaltite (LSC) have been investi-
gated [59]. The solubility of the NiO cathode was reduced
from 30 to 20 mol ppm after 100 h of testing; however,
cathodic polarisation increased almost two times (109 mV)
from 59 mV for the uncoated NiO. At higher current densi-
ties above 150 mA cm 2, a significant mass transport loss
was observed indicating reduction in porosity due to the
coating.

The reduction in porosity as a consequence of the coating
may be compensated with highly active electrocatalyst coat-
ings such as ceria. Soler et al. reported the performance of
MCFC with Ce nitrate-impregnated cathodes [60]. The cells
with modified cathodes delivered improved performance
(150 mW cm ?) as compared to NiO cathodes (about
112 mW cm™?) for more than 2,200 h of testing period.
Although the porosity of cathode was reduced by 5 %,
the performance was actually improved, possibly be-
cause of electrocatalytic activity and oxygen storage
capacity of ceria. The post-mortem analysis of the cell
with SEM-EDX showed scarce deposition of ‘loose’
nickel on ceria-coated cathode while a significant
amount of Ni was detected for the traditional NiO
cathode. Recently, Song et al. reported electrochemical
performance of a gadolinium strontium cobaltite (GSC:
Gdg ¢Srg.4C003)-coated cathode prepared by vacuum
suction of a solid GSC slurry on a NiO plate [61].
The coating lowered the charge transfer resistance with
faster oxygen reduction reaction at the cathode, thus
reducing the activation energy of the cathodic charge
transfer from 83.5 to 53.6 kJ mol '. The cell delivered
stable power densities of about 127 mW cm 2 at
150 mA cm ? during 2,200 h of testing with peak
power density of 210 mW cm > at 300 mA cm ° as
shown in Fig. 8. The fast peroxide mechanism was
claimed at a lower temperature of 600 °C which is
typically observed only at a higher temperature (700 °
C) with NiO cathodes. Thus, the performance and sta-
bility of coated cathodes appear promising and it opens
up the possibility of exploring various oxides and elec-
trocatalysts such as perovskites as coatings in MCFC
cathodes for further enhancement in performance and
stability. The issues such as coating adherence, coating
continuity and reduction in porosity need more detailed
studies. Considering the MCFC setup and corrosive
atmosphere, these types of studies remain a challenge
especially for in situ-treated cathodes.

Cell performance (V)
Power density (mWcm'?)

00 T T
0 50 100 150 200 250 300

Current density (mAcm”?)

Fig. 8 I-V-P curves of MCFC with NiO cathode coated with gado-
linium strontium cobaltite (GSC). Figure reprinted from [61] with
permission from the publisher

Modification of carbonate melt

The electrolyte modification by changing the basicity of the
electrolyte mixture by the addition of rare earth additives to
the carbonate melt is another way to reduce NiO dissolution.
The oxides of various alkali, alkaline and rare earth elements
can be added directly to the carbonate melt to the amount
such that the electrochemical performance of the electrolyte
material is not deteriorated. Since the early 1990s, it was
observed that the addition of additives such as CaCOs,
SrCOs, ete. reduces the solubility of NiO up to 50 % in
the carbonate melt [62]. Tanimoto demonstrated that the
MCEFC lifetime can be improved by 15-20 % even under
accelerated degradation conditions (0.58 MPa pressure and
85 % CO,—0, mixture on the cathode side) with addition of
9 mol% Ca or Ba carbonate to Li/Na carbonate without
affecting the performance [63]. Morita et al. reported that
the addition of La to Li/Na electrolyte results in up to one
tenth reduction in solubility of NiO [20]. Based upon the
calculated shortening time, it can be deduced that the cell
with La additives can deliver 40,000 h under high-pressure
operation as shown in Fig. 9. This is particularly interesting
since high pressure leads to more efficient MCFC operation.
The improvement in solubility resistance can be explained
by the formation of phases between the additive and car-
bonate like oxycarbonates such as La,O,COs. These com-
plexes are highly soluble in carbonate melts and tend to
increase the basicity of the melt. This, in turn, decreases
the solubility of the NiO. Matsuzawa et al. proposed that
electrostatic characteristics of the cation and melt can be
used to select the right cation for the carbonate melt [64].
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Fig. 9 Effect of La addition to carbonate melt on Ni shortening time.
Figure reprinted from [16] with permission from the publisher

Based upon the coulombic forces between the molten spe-
cies, they have defined a parameter ¢, which is useful to
roughly estimate the solubility of NiO in carbonate melt
with different oxides added. The parameter ¢ is expressed as:

Where, N, = number of cations, Z, = valance number and
7. is the radius of the cation. Supported by the experimental
results, they found that to decrease the NiO solubility, a
smaller radius and higher valence cation (with a large solu-
bility in carbonate melt) would be effective as an additive to
the electrolyte matrix. This is evident from the fact that La
which has higher value of parameter ¢, when added to
carbonate melt, decreases the solubility of NiO to a minimal
value in comparison with other additives [65]. For the tested
additives (La, Y, Ca, Ba, etc.) the linear correlation between
¢ and solubility of NiO in carbonate melt is observed on a
log—log plot. In other words, the higher the parameter ¢ for a
given additive, more stable would be the cathode. The work
suggests a 2 wt% addition of lanthanum to be more effective
than alkaline earth metal carbonates as well as other rare
earth additives. The additives including lanthanum not only
reduces the dissolution but also enhances the oxygen disso-
lution, perhaps the electrocatalytic activity and thus poten-
tially improves the kinetic performance of the cathode [66,
67]. It has been observed that with addition of 0.5 wt%
CeO, and 0.5 wt% La,03, the charge transfer resistance in
Li/K melt decreases by an order of magnitude. As the charge
transfer resistance in MCFC is governed by oxygen partial
pressure, the enhancement of electrochemical performance
can be attributed to the reduction of CO, partial pressure
near the cathode due to the increased oxygen because of
donation in case of CeO, and carbon dioxide capture in the
case of La,O5 additives.
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Control of NiO dissolution by adjusting MCFC operating
conditions

In addition to the cathode materials modification, it is also
possible to decrease the cathode dissolution by controlling
operating parameters such as gas composition and operating
temperature. In recent work, researchers at Ansaldo Fuel
Cells showed that the cathode polarisation can be reduced
by adopting a cathode gas devoid of non-reacting species:
nitrogen [68]. Two tests were carried out on identical cells:
one with a mixture of air (70 %) and CO, (30 %) and the
other with a mixture of pure O, (33 %) and CO, (67 %). The
cathodic polarisation of cell tested with air was found to be
considerably higher. The presence of inert gas (N, in air)
was believed to affect the diffusion process in the molten
carbonate film on the cathode and thus an increase in the
cathodic polarisation under high current densities was ob-
served. It should be noted that for practical operation the
conditions optimised for the cathode may be detrimental for
the stability of other components such as the anode and the
matrix. The cost of pure oxygen would be another issue.

Apart from the above-discussed approaches for the min-
imization of the cathode dissolution, Bergaglio et al. of
Ansaldo Fuel Cells proposed an alternative strategy which
involves matrix modification by coating and keeping the
NiO cathode unaltered. In a multilayer gamma lithium alu-
minate matrix, one layer on the cathode side was replaced
by a lithium ferrite layer to form a ‘cathode—ferrite—matrix’
sandwich. The anode material used was standard Ni—Cr an-
ode. The operation up to 3,750 h was reported with maximum
power densities ranging from 1.53 to 1.85 kW m  without
observing a significant dissolution [69]. The cells were oper-
ated at atmospheric pressure with fuel gas (H,/CO,=90:10)
and the oxidant gas (air/CO,=70:30). Also, the cells were
reported to cope with thermal cycling when subjected to two
planned shutdowns and restarts during the operation. Further
investigations on the scale-up of the concept and stability are
reported to be in progress.

In addition to arresting the cathode dissolution problem,
the development of cathodes to improve power densities
would be beneficial to achieve the cost targets for MCFCs.
By optimising the pore structure and porosity to increase the
electrochemically active sites, the power densities can be
improved to some extent. At this stage, the average power
densities of commercial MCFC systems (0.12 to 0.15 W
cm ?) are considerably lower than the SOFC systems
(0.25 Wem 2) [70]. Selman indicated that if the areas of
reactive sites inside the MCFC electrode can be matched
with fuel cells such as phosphoric acid and polymer mem-
brane fuel cells, the high power density in order of 0.5 W
cm ? is achievable in state-of-the art MCFC systems [71].
This suggests a 20-fold increase in the surface area of the
cathode (and anode), which is obliviously not achievable for
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MCEFC cathodes, but it is clear that any improvement in
surface areas while maintaining the electrical conductivity
of electrodes would increase the power density.

MCFC anode

The MCFC anode is also a porous structure like the cathode
which allows diffusion of gases and collects current from
triple-phase boundary interfaces at reaction sites. General
materials required for MCFC anode have good electrical
conductivity and structural stability and suitable catalytic
properties for the type of fuel used. Since the reaction
kinetics (oxidation of fuel) is faster at anode side of MCFC
at the operating temperature, the base metal catalysis (Ni) is
sufficient for hydrogen fuel. Therefore less surface area is
acceptable in case of the anode as compared to the cathode
as indicated in Table 2. Since the early stages of develop-
ment of MCFC, the pure Ni-based anodes have demonstrat-
ed reasonable electrochemical performance with
polarisation losses less than 30 mV at 160 mA cm 2 [72].
These anodes can be manufactured using well-established
powder metallurgy techniques such as hot pressing or tape
casting of metallic powders. One of the issues with the pure
Ni anode is performance degradation and shrinkage due to
creep and sintering. Furthermore the manufacturing process-
es and typical operating conditions of MCFC lead to com-
pressive stress at high temperatures on MCFC components
including the anode. These conditions are clearly favourable
for the creep-type failures of metallic components in MCFC.
The high creep strains (40 %) have been observed in the
case of pure Ni anodes within the first 100 h of operation
[73]. The creep exponents of pure Ni anode are close to the
Nabarro—Hearing-type creep (diffusion of vacancies within
crystal lattice) or Cobel-type creep (diffusion of vacancies
via grain boundaries) [74]. Apart from the creep, the de-
crease in the surface area and shrinkage due to sintering (via
neck formation-mass transport) cause the degradation in
performance of anodes during the initial few days of MCFC
operation. To overcome these problems, alloying of Ni
anode with various metals such as Cr, Al and Cu is a
common approach taken by the developers [75-77]. The
Ni alloyed with Al or Cr is considered stable and possesses
sufficient electrochemical activity for MCFCs operating on
H, fuel [78]. Hence compared to the cathode, not many
literature reports are available on MCFC anode stability;
nonetheless, few research groups have continued the efforts
to improve the stability of the anode and improve the creep
resistance to improve the performance further. Arresting the
creep by addition of intermetallics is a well-proven tech-
nique used in high-temperature metals engineering. Wee et
al. studied the effect of addition of intermetallic powders
(NisAl) on the sintering and creep resistance of the NiO

anodes [79]. They found that the addition of 5 wt% Ni;Al
phase along with 3 wt% Al decreases the shrinkage and also
prevents the porosity collapse. The studies by Kim et al.
showed that the addition of NizAl increases the sintering
resistance by arresting the grain boundary movements and
subsequently impeding the mass transport [76]. Apart from
the creep, the resistance to corrosion is important in a
reducing atmosphere in anode chamber. The lanthanides
such as Dy came up as promising additives to anodes as in
case of cathodes. Addition of 5 wt% Dy reduces the corro-
sion rate by an order of magnitude with the formation of a
Dy intermetallic phase (Dy,Ni;;) [80].

As in the case of cathodes, an improvement in the elec-
trochemical performance of the anode is desired. As MCFC
operation relies on the ionic exchange between the melt and
solid electrodes, the wetting of the electrodes (the wetting
angle) especially on the anode side is an important param-
eter determining the MCFC performance. The wetting angle
for standard MCFC anodic gas composition is around 50°
with (Li/Na),CO5 and 31° (Li/K),CO; [81]. Hence efforts
are being made to improve the wetting of the anode using
the coatings or additives. Hong et al. received a US patent
which describes the method of coating the Ni anode with Al
and Ce via slurry dip coating [82]. They demonstrated that
with addition of 4 wt% Al, the wettability of the anode
improves from about 14.1 to above 40 %. As a result, the
maximum current density obtained from a single MCFC
unit increased from about 100 mA cm 2 (at 0.58 V) to about
150 mA cm 2 (at 0.8 V) with stable performance during a
500-h testing period. Wee has reported the effect of Ce
addition (1 to 5 %) on the performance of Ni—Cr alloy anode
[83, 84]. While the addition of Ce improved the contact
angles compared to bare Ni—Cr anode, the wetting angle
decreased from about 84° for 1 wt% Ce sample to 74.5° for
5 wt% Ce sample. Furthermore, it was reported that the
stability of anodes with 3 wt% Ce is at maximum as con-
cluded by testing the cell for 200 h. Thus, the amount of
additives need to be optimised to maximise the perfor-
mance. Also, the addition of less conductive additives such
as Ce would increase the ohmic resistance of the anode, and
its addition can impede conducting path even if used in
relatively smaller amounts. Apart from the material compo-
sition and morphology, the electrolyte melt distribution and
amount in the anode pores are important characteristics that
determine the performance of the anode. For Ni—Cr anode
5-25 % electrolyte fill demonstrates the maximum perfor-
mance with Li/Na carbonate melt as an electrolyte [85].
However, some researchers have investigated the use of
anodes as an electrolyte reservoir to compensate for the
electrolyte loss from the matrix during long-term operation
of MCFC. Youn et al. reported on the use of Ni—10 wt% Cr
anode as an electrolyte reservoir [86]. The anode was coated
with boehmite(y-AIO(OH)) sol via a dip coating process
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which was then converted into Li-aluminate particles in situ
during the cell operation. The surface modifications allowed
an increase in the electrolyte filling of anode to 50-60 vol%.
The coating resulted in good electrolyte wettability as com-
pared to the bare Ni surface which partially compensates for
the decrease in conductivity by providing additional sites for
reaction. The polarisation characteristics of a coated cell
with additional electrolyte were found to be slightly inferior
to a standard cell (25 vol% electrolyte), but the results
suggest that the surface modification could be used to mod-
ify the anode surface to make it function as an electrolyte
Teservoir.

Fuel reforming catalysts and anode modifications in MCFC

As MCFC systems are considered mainly for stationary
power generation, significant efforts have been made over
the past few decades to develop MCFC systems fuelled with
‘real world fuels’ such as natural gas, digester gas and allied
hydrocarbon fuels. These fuels can be reformed to H, and
CO inside the MCFC unit or externally using a separate
reformer. The reforming reaction is [87, 88]:

CH4 + H,0 — CO + 3H,, AHgyx = 206 kJ mol™!  (9)

The CO generated can be further reformed into H, via the
water gas shift reaction.

CO + H,0 — Hy + CO,, AHgyx = 41.1 kJmol™!  (10)

Since heat from the electrochemical oxidation of fuels
and steam form can be utilised for reforming inside the
anode chamber, the MCFCs with direct in situ reforming
(DIR) are more efficient than those with external reforming.
In a high-temperature fuel cell like SOFC operating at
temperatures from 800 to 900 °C, the reforming can be
achieved using the Ni—-YSZ anode itself as a catalyst. In
the case of MCFC, DIR is achieved by placing the reform-
ing catalysts into the fuel channels as the catalytic activity of
the conventional MCFC anode is not sufficient for reform-
ing because of the lower surface area and lower operating
temperature of MCFC as compared to SOFC [88]. Figure 10
shows a schematic of a DIR catalysis arrangement in
MCEFC. The placing of the catalyst in fuel channels can be
accommodated by modification of cell hardware. Typically,
supported metal type catalysts are used for internal reform-
ing. Commercial suppliers of MCFC systems (such as FCE,
Mitsubishi) and research organisations (CNR-TAE Institute)
developing MCFCs have tested DIR MCFCs with catalysts
such as NiO/MgO, NiO/alumina and Ru/ZrO, and have
reported the following issues with DIR catalysts [89, 90]:

1. Deactivation of catalysts due to carbonate electrolyte.
The carbonate electrolyte can reach the catalyst in two
ways: transport across the metallic fuel channel walls
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Fig. 10 Schematic of DIR catalysis arrangement in MCFC. Figure
redrawn from [80]

(or creep) and/or the vapour phase transport via forma-
tion of alkali metal hydroxides such as LiOH or KOH
because of the steam generated in the anodic environ-
ments. Berger et al. investigated the mechanism of
alkali transport towards the catalysts in detail [91]. They
concluded that vapour phase transport is the main trans-
port route in case of DIR in fuel channels. It was also
found that it is primarily due to Li in the electrolyte melt
which migrates on active catalysts sites as reported by
Moon et al. [92].

2. Sintering of support and catalyst. The sintering phenom-
enon typically results in the reduction of surface area of
the support and an increase in the particle size of the
catalyst due to sintering.

3. Catalyst poisoning in the presence of sulphur as sulphur
is readily chemisorbed on the Ni surface to occupy the
reactive site. The reaction of sulphur with Ni results in
the formation of NiS which is detrimental for electrical
conductivity.

4. Carbon decomposition (or coking) during hydrocarbon
cracking especially with heavier hydrocarbons similar
to that observed in SOFC systems. The coking phenom-
enon is associated with CO Boudouard reaction which
is thermodynamically favoured below 700 °C and with
thermal cracking [93].

5. The development of heat gradient in the cell due to fast
reforming on the inlet side and no reforming on the
exhaust side.

Figure 11 shows the typical degradation of Ni/Al,O;
supported catalyst over the period of 1,000 h. The Ni/
MgO-Al,0O3 is considered as the best catalyst in terms of
alkali resistance, but up to 60 % degradation in catalytic
activity may occur in these catalysts as reported by Matsu-
mura et al. of Mitsubishi Corporation [94]. The similar
degradation trends can be observed for other catalysts as
well. Thus, a significant opportunity exists in R&D on
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Fig. 11 Degradation of commercial nickel/calcium aluminate high
temperature steam reforming catalyst over the lifetime of the MCFC.
Figure redrawn from [88]

system designs as well as catalysts in DIR MCFCs. A
number of reports have been published on the development
of alternative catalyst materials such as Ni-TiO-doped
MgO; MgO, CaO, SrO and CeO, addition to Ni-YSZ Rh/
Ru on YSZ; etc. [88, 89, 95-97].

Phase formation between the support and catalysts is a
common phenomenon observed in high-temperature cata-
lysts such as reforming catalysts or three-way catalysts.
Such phase formation can be avoided with the use of mixed
phase supports such as Mg-TiO. In such systems, the ratio
of constituent elements (e.g. Mg/Ti) has a significant effect
on the stability of the catalysts. Choi et al. reported the
stability of Ni catalysts with MgO-TiO, support with Mg/
Ti molar ratios 2, 1 and 0.5 against Li,CO5 attack [98].
When catalysts were not exposed to Li,COs, the effect of
molar ratio was insignificant, but with the exposure to
Li,CO;, Ni-MgO catalysts lost all catalytic activity. The
deactivation of the catalyst was due to the formation of
ternary solid solution of Ni-Mg-Li leading to the loss of
active sites on the Ni surface. The titania-doped supports
were found to be more stable when the molar ratio of Mg/Ti
is 2:1 (Mg,TiO,) with only 2.5 % reduction in catalytic
activity for reformation of methane. Park et al. reported
the alumina-doped MgO with Mg/Al ratio 2:1 (Mg,AlO;
phase) [99]. The catalysts demonstrated constant catalytic
activity for 300 min testing with CHy fuel even after poi-
soning with lithium (5.7 wt%) and sodium (6.5 wt%). Ear-
lier, Shin et al. investigated the effect of rare earth doping on
the activity of Ni/MgO catalysts [100]. It was observed that
up to 10 wt% Gd,O3 can be added to the catalysts resulting
in improved coking resistance and enhanced dispersion of
Ni on the support. The traditional precious group metal
catalysts obviously (Ru—Rh) show improved conversion
and stability, but because of the high cost of these catalysts,
the commercial developers kept the development focus on
NiO-based catalysts. The FEC Inc claimed that the ‘DIR-5’
catalyst developed by them offers five times more stability

than conventional catalysts and the direct fuel cell technol-
ogy has demonstrated this for both natural gas and diesel
fuels. Besides traditional supported catalysts, zeolite-based
catalysts are being studied recently. Zhang et al. reported
preparation of core—shell-type catalysts with Ni/Al,O5 core
coated with about 3.5 um thick layer of Sil-1 zeolite layer
[101]. As shown in Fig. 12, a zeolite-coated catalyst showed
better performance as compared to Ni/Al,O5 but the con-
version activity dropped below 40 % within 100 h of oper-
ation when exposed to Li/K electrolyte vapours. More
studies are required to demonstrate suitability to the use of
such catalysts in commercial systems.

Apart from internal reforming catalysts, the anode itself
needs to be tolerant of impurities such as sulphur and
carbon. To make the anodes more tolerant towards the
impurities, the anode materials have been modified by coat-
ing with additives or catalysts. Fang et al. reported the
surface alloying of NiO anode with niobium using a molten
fluoride process [102]. The surface alloying demonstrated
significantly lower corrosion rate (0.02 mm per year com-
pared to 0.17 mm per year for bare NiO) in a carbonate bath
and improved electrocatalytic activity towards CO oxida-
tion. The lower solubility is attributed to the formation of a
composite phase NiO, Nb,O3, and the improvement in
electrocatalytic activity was mainly due to the improvement
in the wetting angle and increased surface area after the
surface treatment. Devianto et al. reported sulphur-resistant
anodes synthesised by dip coating NiO in a Ce precursor
followed by calcination to get a 2 wt% ceria coating [103].
The MCFC unit cell was tested with modified anodes on H,
fuel with up to 100 ppm of H,S. The cell delivered power
densities of about 105 mW cm > after about 175 h of
operation as compared to 60 mW cm 2 for an unmodified
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Fig. 12 Methane conversion rate improvement with zeolites in DIR
catalysts. Figure reprinted from [101] with permission from the
publisher
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cathode with 80 ppm of H,S. The protective behaviour of
the Ce coating is attributed to the reaction of Ce with H,S to
form an oxysulphide species Ce,0,S, which is sulphur
sorbent. Combining the electrochemical performance with
stability of ceria-coated anodes as determined by immersion
tests in a carbonate melt indicates that these anodes might be
promising candidates for sulphur-containing fuels. It should
however be noted that although the power densities of the
cell in Devianto’s work were higher than for the bare NiO
anode, the coated anode still demonstrated degradation in
power density from 120 to 105 mW c¢m 2 and thus presents
scope for further improvement. In recent years bio-cthanol
has emerged as a fuel of interest; as in recent decades, it can
be obtained from fermentation of sugar cane, rice, crops and
biowastes, etc. and it contains from 5 to 20 wt% ethanol. A
US patent by Yoon et al. reported a method and performance
of a bio-ethanol-fuelled MCFC with coated catalysts [104].
The anodes were coated with transition metal catalysts such
as Ni or Cu, Fe supported on oxides such as ZnO, Al,03 and
CeO,, etc. using methods such as spray coating and hot
pressing. The thickness of catalyst layer was about 140—
160 um. The power densities up to 90 mW cm > at about
130 mA cm ? were reported for 20 % bio-ethanol fuel
(balance N;) at 650 °C with 15 wt% Ni/MgO catalysts
prepared via co-precipitation and coated on Ni—10 wt% Cr
anode using hot pressing. The performance is claimed to be
stable during 100 h of testing with a 20 % ethanol fuel. In
addition to resistance to alkali and sulphur tolerance, the
coking resistance is also important for hydrocarbons con-
sidering the tendency of Ni to promote carbon filament
formation. One of the approaches taken by the SOFC com-
munity to develop carbon/sulphur-resistant anodes is by
employing ceramic anodes such as titanates and manga-
nates. These anodes offer superior sulphur tolerance and
resistance to coking as compared to Ni-based cermet anodes
but they lack the electrocatalytic activity and their conduc-
tivity is significantly lower than NiO anodes [105]. Further-
more, it is well known that in the case of SOFCs, the use of
precious metals in few weight percent in conjunction with
oxides significantly improves the performance as well as
coking resistance. For MCFC applications, not many ceram-
ic anodes have been tried, perhaps because of the lack of
electrochemical activity at lower temperatures and poor
conductivity. Tagawa et al. reported performance of
methane-fed MCFC with lanthanide oxides (La,O3 and
Sm,03) and titanium composite anodes [106]. The lantha-
nides provide catalytic activity for fuel conversion, and fine
Ti powder provided the required electronic conductivity.
Based upon obtained open circuit voltage (OCV) and theo-
retical OCV calculations for methane oxidation, they
claimed the direct oxidation of methane over these anodes
and suggested that the reaction path is via an electrochem-
ical oxidative coupling of methane on the oxides. However,
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the actual cell testing under load needs to be carried out to
evaluate the suitability of these anodes in long-term MCFC
operations. In a recent review of MCFC electrode materials
by Antolini, the Ni/Al,O;3 catalyst promoted with up to
0.3 wt% Ag is suggested as the best solution at present for
coking [107]. The work carried out by Parizotto et al.
showed that addition of 0.3 to 0.5 wt% Ag improves the
stability of reforming catalysts in tests carried out for 6 h;
however, the conversion activity was only 20 % for methane
fuel fed under steam/carbon ratio of 0.5. The improved
stability is attributed to the change in the surface structure
of Ni due to the decrease in the Ni ensemble because of Ag
[108].

For DIR catalysis, it appears that the placing of catalysts
directly on the anode would be more economical compared
to placing the catalysts in fuel channels as the later requires
pelletization of catalysts and modification to the cell hard-
ware. While placement of the catalyst on the anode obvi-
ously makes it more susceptible to poisoning due to
carbonate melt vapours. Recently Li et al. reported the effect
of the location of the catalyst in DIR MCFCs [109]. They
used Ni/MgSiO; for reforming methane fuel. Up to 82 %
methane conversion was obtained in the cell testing for a
fresh catalyst. For cell testing, the catalyst was applied in
two ways: (1) placement in fuel channels and (2) direct
coating of catalyst on the anode (Ni-10 wt% Cr) by hot
pressing. The electrochemical performance data obtained
show the cell configuration where catalyst placed in fuel
channels offered better stability after 1,200 h of testing on
methane fuel (Fig. 13).

Other approaches to mitigate the problem of deactivation
of DIR catalysts are: indirect internal reforming (IIR) and
the use of a separator plate. In IIR, the reforming catalyst
unit is kept in thermal contact with the MCFC unit with exit
ports of the IIR unit connected to entry port of the anode
[110]. In this arrangement, the catalyst is not exposed to the
anodic atmosphere and thus it increases the life of the
catalyst. Furthermore, the IIR arrangement also offers a
better thermal gradient in the stack as compared to DIR.
However, the efficiency of IIR unit is lower than DIR as hot
steam formed at the anode is not used in [IR. To combine the
advantages of both IIR and DIR systems, the commercial
developers FCE Inc and MELCO used a hybrid approach
(Fig. 14). The partially reformed fuel from IIR catalyst is
reformed further at the anode with DIR. The hybrid design
improves the thermal distribution inside the cell and thus
improves the overall performance and stability [78].

MCFC matrix

The MCFC matrix acts as a separator between the anode and
cathode holding the electrolyte. It is sandwiched between
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the anode and cathode, and the carbonate melt is immobi-
lised by capillary pressure (typically >0.2 MPa). The pore
structure and porosity of the matrix material are required to
be carefully controlled. The suitable range of matrix poros-
ity in order to obtain optimum electrical conductivity can be
estimated by the Meredith—Tobias equation as:

(11)

where p is the specific resistance of the matrix, p, the
specific resistance of the electrolyte and ¢ is the matrix
porosity [111]. The pore diameter of the matrix is also
critical and the suitable pore diameter (radius) required to
retain the electrolyte under the pressure gradient (AP) be-
tween the anode and cathode can be calculated from the
Young-Laplace equation as

p=pd?
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Fig. 14 Hybrid direct internal reforming (DIR) and indirect internal
reforming (//R) approach developed by FCE to improve the stability of
reforming catalysts. Figure reprinted from [90] with permission from
the publisher

where o is the surface tension coefficient of the electrolyte, 6
the contact angle between the electrolyte and the matrix, ~y
the maximum pore radius in the matrix and AP is the
pressure difference between the anode and cathode compart-
ments [112]. Recently, Zhou et al. have reported optimum
porosity and pore diameter calculations for the «-LiAlO,
matrix based upon Eqs. 11 and 12 and concluded that the
matrix should have a pore diameter less than 7.94 pum
(0.1 bar pressure differential) and porosity of 40-70 % for
longer lifetime [113]. The eutectic mixture of Li/K or Li/Na
is state-of-the-art electrolyte materials. The ionic conductiv-
ity and electrode wettability (as defined by contact angle)
are key criteria for the electrolyte materials. The ionic con-
ductivity of Li/Na system is higher than Li/K system as
verified by Morita et al. in bench-scale cell tests shown in
Fig. 15 [114]. Not only does the Li/Na electrolyte decrease
ohmic losses inside MCFC but also improves the cathode
stability as it is more basic as compared to Li/K. Yoshiba et
al. demonstrated 10,000 h of operation of a 10-kW class
MCFC with Li/Na electrolyte and stamped matrix with
voltage degradation as low as 0.3 % per 1,000 h [115].
Although the Li/Na electrolytes are expected to perform
adequately for 40,000 h operation, there is still room for
further improvement in the electrolytes considering lower
wettability of Li/Na as compared to Li/K electrolytes result-
ing in higher cathodic polarisation [19].

For the matrix, traditionally the y-lithium aluminate
(v-LiAlO,) is the material of choice. The major materials
issues with LiAlO, matrix are: particle growth, pore coars-
ening and allotropic transformation from the y-phase to
a-phase accompanied by a change in the density during
the MCFC operation. As the «-phase is denser (3.4 gem™)
than the y-phase (2.6 gem ), the allotropic transformation
increases the pore volume thus resulting in the electrolyte
depletion in the matrix [78]. The loss of electrolyte volume
reduces the ionic transport and causes fuel crossover
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Fig. 15 Performance comparison in terms of voltage degradation and
cell internal resistance of MCFC with Li/K and Li/Na as electrolytes, at
different current densities. Figure reprinted from [114] with permission
from the publisher

resulting in voltage degradation. The phase transformation
is believed to be initiated with dissolution of smaller par-
ticles of matrix in the carbonate melt [116]. The dissolved
material then deposits on larger particles resulting in further
growth (dissolution—deposition growth). The investigations
by Takizawa et al. supported the dissolution—deposition
route as a mechanism of particle growth and/or phase trans-
formation in the MCFC matrix [117]. Clearly, the rates of
particle growth and phase transformation are strongly de-
pendant on the rates of solubility, diffusion and precipitation
of the lithium aluminates in the carbonate melt. The studies
at Toshiba Inc (Japan) indicated that the y-LiAlO, phase is
stable in air at the MCFC operating temperature but it loses
its stability in MCFC atmosphere and allotropic transforma-
tion to a-phase takes place [118]. They reported the oc-phase
is stable even at 700 °C and operated over 7,550 h under
0.1 atm. CO, partial pressure. SEM observations revealed
only a slight increase in pore diameter after testing, indicat-
ing that electrolyte retention is sufficient. Similar findings
were reported by Terada et al. on stability as well as solu-
bility of LiAlO, in carbonate melt [119]. Their studies
indicated that the particle growth of lithium aluminates
occur faster at higher temperatures as expected, in low
CO, partial pressure and in a strong basic melt. Hence for
long-term stability, a higher partial pressure of CO, and a
low basicity carbonate melt are desired. However, these
conditions are unfavourable for cathode (NiO) charge trans-
fer and stability; hence, the proper balance of CO, partial
pressure is required for practical operation. The addition of
additives to the carbonate melt can be effective in suppress-
ing the matrix particle growth. Terada et al. reported the
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effect of oxide additives such as K,WO,, MgO, Ga,0s, etc.
on the matrix stability and found that the addition of K,WO,
can inhibit particle growth and the phase transformation of
matrix significantly [120]. The performance of unit cells
with «-LiAlO, has been investigated by the researchers
and found to be acceptable for use in MCFC [121, 122].
Based upon outcomes of 20,000 h of stability studies by Oza
et al., a-LiAlO, appears to be suitable for 40,000 h target
lifetime [78]. As a result of the studies on phase transfor-
mation and evaluation, the use of «-LiAlO, to replace
y-alumina as the MCFC matrix is gaining increasing atten-
tion from the MCFC community. However, the commercial
manufacturers such as FCE, MELCO, etc. continue to use
y-alumina possibly because of their expertise and prior
experience with y-alumina.

The conventional fabrication method of the MCFC ma-
trix is tape casting. It is well known that the properties of the
final product from the tape casting process are affected
greatly by the characteristics of the starting ceramics used,
binders, dispersant, etc. The tight control over the fabrica-
tion processes is especially important for commercial cells
with a large area matrix. It is a common experience of
ceramicists that the higher solid content in the starting slurry
leads to cracking in the large area components. Also the
fragility of the tape cast matrix is the issue in commercial
handling. Recently Ferrari et al. reported that the plastic
extrusion technology may be more suitable for fabrication
of the MCFC matrix with tighter control and less surface
defects as compared to tape casting [123].

In addition to particle growth and fabrication issues, other
issue with the matrix materials is the mechanical strength to
cope with stacking load and thermal cycling. In MCFC, the
matrix undergoes mechanical stress due to the mismatch
between the coefficients of thermal expansion between the
LiAlO, and electrodes. Since the mechanical strength of
pure LiAlO, is found to be inadequate for long-term prac-
tical use, various approaches have been taken to improve the
strength and crack resistance. Some of these approaches are
the matrix reinforcement with ceramic fibre or rod-shaped
particles and the use of a second phase such as large
v-LiAlO, particles as crack arrestors [124, 125]. Lee et al.
have reported the addition of aluminium salt (aluminium
acetylacetonate) during the slurry preparation for the matrix
tape to improve its mechanical strength while retaining
acceptable porosity [126]. At the temperatures above 420 °C,
the salt decomposes to form Al,O; which in turn reacts
with matrix to form LiAlO,. The resulting phase forms a
neck between the matrix particles, improves the connec-
tivity and as a result an abrupt increase in mechanical
strength is observed. The increase in the strength is also
observed with metallic Al particles as observed by Kim et al.
[127]. They tested the mechanical strength and stability of
tape cast MCFC LiAlO, matrix with added 30 wt% metallic
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aluminium with 3 and 30 pum particle sizes. While both
matrices showed comparable pore size and pore volume, the
bending strength (0.2 kg mm ?) of the matrix with 3 pm
additives was found to be twice than that of 30 um particles.
The metallic aluminium gets converted into alumina at 650 °C
in the presence of cathodic oxygen and Li,CO; melt.
Since the oxidation process consumes the electrolyte car-
bonate melt, it was recommended to add Li,CO; in the
matrix slurry during the tape casting so that no additional
electrolyte in the matrix is consumed during in situ oxi-
dation. Recently, Choi et al. reported the comparison of
stability of alumina reinforced y and & matrices at 650 °C in
MCFC atmospheres for 20,000 h [128]. It was concluded that
alumina-added «-LiAlO, is the most stable phase among all
allotropes.

It can be inferred from the recent studies that «x-LiAlO,
with additives such as alumina would be an effective MCFC
matrix with adequate stability and improved mechanical
strength due to alumina reinforcement.

As the alumina matrix offers adequate performance and is
cost effective, not many alternative materials have been ex-
plored for the MCFC matrix. Recently Patil et al. investigated
the stability of Li,ZrO; and ceria in Li/K electrolytes for
5,000 h. Their findings indicate the Li,ZrO; as well as cerium
oxides could be potential candidates for MCFC applications
[129]. The matrix material such as ceria is interesting consid-
ering the fact that the composite systems of ceria molten
carbonate electrolytes have been reported to show multi-
ionic conductivity (CO5 and O%*") [130]. If such a phenome-
non can be utilised in the MCFC matrix with ceria- or
zirconia-based materials, the power density of MCFC can be
improved. However, the lower mechanical strength of ceria
and stability under reducing atmosphere would be a concern
especially at temperatures above 700 °C.

Bipolar current collectors and metallic components

Apart from porous components discussed so far, bipolar
plates and current collectors are critical metallic components
for commercial MCFC stacks. In fact for commercial
MCEFC systems, up to 55 % of the material content could
be the metallic hardware (for the complete system) which
includes cell, stack and balance-of-plant materials [131].
The stability in corrosive carbonate atmosphere at high
temperature, good electrical conductivity and low contact
resistance with the electrodes are desired characteristics of
bipolar plates and current collectors. The bipolar plates are
exposed to different atmospheres on the anodic side, cathod-
ic side and wet seal area of MCFC, and hence the ideal
material for bipolar plate current collectors should have
acceptable corrosion resistance for all of these atmospheres.
Although Ni suitably meets these requirements, the high

cost of pure Ni and the lack of desired mechanical properties
hinder its use in commercial systems. The stainless steels
like 310 S (24-26 wt% Cr) and 316 L (16—18 wt% Cr) have
emerged as materials of choice for MCFC hardware [132].
However, the hot corrosion in the presence of the carbonate
melt is the critical issue with these materials for long-term
operation. During the period of initial operation, the mech-
anism of corrosion in these steels is normal corrosion in-
volving scaling via the formation of a layer of iron oxides on
the chromium-rich oxide layer. After medium time expo-
sure, the lithiation of the iron oxide or Cr oxides takes place
followed by the formation of stable phases between Na, K
and iron or chromium scale [132]. Furthermore the acidic or
basic dissolution of scale takes place depending upon the
environment exposed to the un-corroded metal. The scaling
layer is porous and exposes the active sites for corrosion by
penetration of molten salts. Furthermore, the phenomenon
like sensitization causing Cr depletion near the grain bound-
aries can occur in MCFC environments [78]. The funda-
mental electrochemistry of the corrosion phenomenon in
MCEFC systems is complex and not completely understood
as yet. The disagreement between the data such as exchange
current density and polarisation resistance by various corro-
sion characterization techniques such as linear polarisation
techniques, Tafel analysis and EIS further adds to the com-
plexity [133]. In late 1990s, Spigel et al. reported a study on
hot corrosion of various steels including high alloy steels in
cathodic environments and reported that the corrosion of
these materials proceed via the formation of superoxide
(0,%) ions [134]. If the corrosion proceeds via the forma-
tion of superoxide ions, the concentration of corrosive spe-
cies would be uniform in the carbonate melt and fluxing
would not be required. Frangini reported the analysis of the
corrosion process based upon potentiodynamic polarisation
measurements and EIS studies [135]. It was found that
under high anodic currents, acidic dissolution of the passive
protective layer occurs, while for high cathodic currents,
basicity increases with oxide ion build-up in the carbonate
melt.

In a typical MCFC, the anodic atmosphere is more cor-
rosive than the cathodic atmosphere due to continuous re-
duction of oxide scales by hydrogen. Also, the cathodic
corrosion is less under loading than under open circuit
conditions, while the situation is reversed for the anode side
corrosion, i.e. the anodic corrosion is more severe under
load than open circuit conditions [136]. Furthermore, it
was also observed that on the anode side, corrosion rates
are higher at the fuel outlet area than at the fuel inlet because
of higher temperature of exit gases and presence of alkali
vapours at the exit [137]. It is also possible that the hydro-
gen gas from the anode side diffuses to the cathode side via
the steel plate as typical thickness of the plate is around
0.3 mm [138].
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These characteristics of MCFC make the material’s
choice for a suitable bipolar plate complicated. Apart from
the loss of material itself, the hot corrosion of these compo-
nents also causes loss of electrolyte in the matrix because of
the reaction with the carbonate melt and may also cause
short circuiting of the cell if corrosion products formed are
electrically conductive. The loss of electrolyte from metallic
corrosion after 6,000 h of operation was estimated to be 6 %
of total electrolyte loss during MCFC operation [139]. To
protect the steel, the electrolytic coating or cladding of steel
with Ni emerged as the promising compromise between
price and stability. This material is believed to have suffi-
cient corrosion resistance for target lifetimes (40,000 h) if
the coating thickness is high enough, but the cost of such
anodes is high and more cost-effective materials are sought.
Furthermore, there is a possibility of mechanical failure of
the coated component because of the hardness increase
induced by carburization in the base metal grains or in the
grain boundaries below the Ni coating as indicated by
Durante et al. [140].

The approaches to mitigate the problem of corrosion
include use of additives in molten carbonates, using alter-
native corrosion inhibitor coatings and alloying of the steels.
The oxide additives to molten carbonate melt such as alkali
earth oxides or lanthanides increase the oxygen solubility of
the carbonate melt as mentioned in “MCFC cathode” sec-
tion. The increased basicity drives the open circuit potential
for corrosion to positive side, thus indicating improved
corrosion resistance. Also these additives may alter the
passivation properties by competing with Li to reach the
active corrosion site and by increasing the melt basicity
[141]. Frangini et al. reported the effect of alkaline earth
additives such as Ca, Ba and Mg added over a wide range of
concentrations on the corrosion of 316 L stainless steel (SS)
electrode immersed in Li/Na carbonate. It was concluded
that in lower amounts (1.5 wt%) the mechanism of corrosion
remains the same as that of the melt without additives.
When the amount of additives is increased to 5 to 10 wt%,
the 316 L SS becomes more corrosion-resistant with the
corrosion mechanism changing from a cathodic to anodic
type of corrosion. While the additives may improve the
corrosion resistance, the high amounts of additives in the
electrolyte are detrimental to the overall MCFC perfor-
mance. The approach of coating SS with conductive
ceramics such as LiFeO, or LSC using simple sol-gel type
methods appears to be a promising alternative to improve
the corrosion resistance. However, in the studies conducted
by Frangini et al., the microstructure of the coated steels
revealed that these coatings can only provide temporary
corrosion protection [132].

For the current collector application along with the high
corrosion resistance, minimum contact resistance between
the electrodes and metal is desired especially on the cathode
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side where the oxide scale formation increases the contact
resistance between metal and cathode. Colon-Mercado et al.
reported the cobalt-coated titanium alloy Beta 3 (Ti77.5/
Mol12/Zr 4.5/Sn 4.5) as the cathode current collector
[142]. The electrodes were heat treated at 400 °C to promote
the formation of an oxide layer and was electroplated with
Co before testing. They found that Co layers offer a tran-
sient protection and eventually dissolve in the carbonate
melt exposing the underlying oxide layers. The corrosion
resistance as determined by EIS was improved by an order
of magnitude (133 2) from the corrosion resistance of 316 L
SS (4.3 ©2). Considering the well-established manufacturing
processes for titanium alloys, these materials can be an
attractive candidate as a current collector in MCFC; howev-
er, the cost of electroplating (Co plating) could be an issue.

Over 70 different Ni-based-, Co-based- or iron-based
alloys have been investigated for the steel hardware of
MCFC by various manufactures and developers [78]. The
materials used in commercial products are mostly proprie-
tary alloys. The Ni-based superalloys can be used for these
applications but the cost of these alloys is high. Studies to
improve the corrosion resistance of stainless steels and
nickel-based alloys in MCFC atmospheres confirmed that
the addition of aluminium improves corrosion resistance
and this method is cost effective as well [143]. The addition
of Al leads to the formation of oxide layer on the cathodic
side and this hinders the use of alloys containing Al as
bipolar plates. The four-probe conductivity measurement
experiments conducted by Biedenkopf et al. demonstrated
that even very small amount of Al leads to increase in ohmic
resistance by order of magnitude [144]. Parezanovi¢ et al.
conducted extensive studies on Co-, Mn-, Mo-, Si- and Ni-
added stainless steel as cathode current collectors [145].
They found that alloying elements such as Co, Ni and Mn
forms a p-type conductive oxide layer which is beneficial
for conductivity while ferritic stabilisers such as Si and Cr
improve corrosion resistance. The best corrosion resistance
was obtained for alloy V152’ with 12.2 % Mn, 17.6 % Cr,
3.03 % Mo, 2.95 % Ni and 0.5 % Si with electrical resis-
tivity of 0.12 Q cm? in MCFC environment. Fine tuning of
the compositions in these type of alloys (conductive spinels
forming alloys) would be possibly the best approach for
developing MCFC cathode current collectors. For the anode
side current collectors, Ni-claded stainless steel appears to
be an optimum choice. Randstrém et al. of KTH (Sweden)
compared the commercial high-temperature alloy steel,
ytrria-doped Ni and stainless steel claded with Ni as the
anode side current collector. They concluded that the trade-
off between performance (contact resistance) and cost leaves
the bimetallic materials based upon Ni-claded austenitic
stainless steel as the optimum choice for MCFC hardware
[146]. The review of literature clearly suggests that at pres-
ent, substantial R&D opportunity exists for the development
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of stable and cost-effective alloys or cermets for MCFC
hardware applications.

Conclusion

The MCFC technology is maturing at fast pace for commer-
cialization. There are few companies over the world who
have demonstrated the operation of the MCFC systems from
kilowatt to megawatt range, either at a pilot scale or at a
fully commercialisation stage. Lifetime operation of pilot
plants has been demonstrated for up to 30,000 h with elec-
tric efficiencies of up to 50 %. However, significant devel-
opment work is required to be performed to improve the
power density of MCFCs and tackle the materials issues
such as cathode dissolution, corrosion of cell hardware such
as bipolar plates and current collectors, and electrolyte loss
due to creep in the matrix and electrodes. Among various
approaches which are being explored by researchers, the
application of spinel-coated cathodes such as doped cobalt
oxide or rare earth-doped strontium oxide could be a prom-
ising solution to avoid cathode degradation if technology
scale-up can be achieved. The use of coated nickel particles
with core—shell structure for tape casted cathodes could be
an immediate solution for achieving improved lifetime. The
demonstration of MCFCs with coated cathodes for more
than 10,000 h and post-mortem analysis would be necessary
to prove the stability of these cathodes and confirm the
retention of adequate porosity. In case of anode, while Ni-
based materials satisfy most of the requirements, the stabil-
ity and creep resistance can be further improved with the
addition of intermetallic phases. The additives may also
enhance the wetting on anodes by electrolyte; however, the
effect of added phases on long-term electrochemical perfor-
mance should be investigated for these materials to qualify
as an anode in practical MCFCs. For operating MCFC on
real world hydrocarbon-based fuels, further development is
required on internal reforming catalysts or system design to
avoid the issue of deactivation of catalysts and sulphur
poisoning. The long-term stability evaluation of novel
zeolite-type catalysts or ceria-doped anodes could confirm
the applicability of these anodes as MCFC DIR catalysts.
For the MCFC, matrix «-alumina appears to be a suitable
material; however, commercial manufacturers continue to
use either «-alumina or {3-alumina depending upon their
experience in fabrication and pot tests. For MCFC, hard-
ware Ni-claded austenitic steels and alloy steels like V152
are preferred choices; however, further improvements are
sought for a cost-effective solution to the corrosion prob-
lems. In conclusion, significant opportunities exist for mate-
rials R&D to achieve the lifetime goal of 40,000 h and meet
the target cost of $2000 per kW in conjunction with devel-
opments in systems aspects for a MCFC plant.

References

1. Smithsonian Institution, USA, Available at http://americanhistory.
si.edu/fuelcells/me/mefemain.htm. Accessed May 2010
2. Moreno A, McPhill S, Bove R (2008) ENEA International
status of molten carbonate fuel cell (MCFC) Technology
Report, Available at http://www.energyagency.at/fileadmin/
aea/pdf/energietechnologien/molten-carbonate.pdf. Accessed
May 2012
3. Fuel Cell Energy Inc, USA, Available at www.fce.com, Accessed
May 2010
4. Tomczyk P (2006) MCFC versus other fuel cells—characteris-
tics, technologies and prospects. J Power Sources 160:858—-862
5. EG&G Services, Parsons Inc (2000) Fuel cell handbook, 5th edn.
U.S. Department of Energy, Morgantown, USA
6. Selman JR, Blomen MJ, Mugerwa MN (1993) Fuel cell systems.
Plenum, New York
7. Remick R, Wheeler D (2010) Molten carbonate and phosphoric
acid stationary fuel cells: overview and gap analysis, National
Renewable Energy Laboratory Technical Report. NREL/TP-560-
49072
8. Tanimoto K (1998) Long-term operation of small sized single
MCEFCs. J Power Sources 72:77-82
9. Dicks A (2004) Molten carbonate fuel cells. Curr Opin Solid
State Mater Sci 8:379-383
10. Farooque M (2005) Carbonate fuel cell technology and materials.
MRS Bull 30:602-606
11. Minh N (1988) Technological status of nickel oxide cathodes in
molten carbonate fuel cells—a review. J Power Sources 24:1-19
12. Freni S (1998) The dissolution process of NiO cathodes for
molten carbonate fuel cells: state of the art. Int J Energy Res
22:17-31
13. Ota K, Mitsushima S, Kato S, Asano S, Yoshitake H, Kamiya N
(1992) Solubilities of nickel oxide in molten carbonate. J Electro-
chem Soc 139:667-671
14. Selman JR, Yazici MS, Izaki Y (1993) NiO cathode dissolution in the
MCFC: a review. Am Chem Soc Div Fuel Chem 38(4):1429-1434
15. Vogel W, Bregoli L, Kunz H, Smith S (1984) Stability of NiO
cathodes in molten carbonate fuel cells. Proc Symp MCFC Tech
Honolulu 84-13:443-451
16. Mitsushima S, Matsuzawa K, Kamiya N, Ota K (2002) Improve-
ment of MCFC cathode stability by additives. Electrochim Acta
47:3823-3830
17. Belhomme C (2003) New insight in the cyclic voltammetric
behaviour of nickel in molten carbonate. J Electroanal Chem
545:7-17
18. Yoshioka C, Urushibata H (1997) Simulation of cathode dissolu-
tion and shorting for molten carbonate fuel cells. J Electrochem
Soc 144(3):815-822
19. Yoshikawa M, Mugikura Y, Watanabe T, Kahara T, Mizukamib T
(2001) NiO cathode dissolution and Ni precipitation in Li/Na
molten carbonate fuel cells. J Electrochem Soc 148(11):A1230—
A1238
20. Morita H, Kawase M, Mugikura Y, Asano K (2010) Degradation
mechanism of molten carbonate fuel cell based upon long term
performance. J Power Sources 195:6988—6996
21. Giorgi L, Carewskaa M, Patriarcaa M, Scaccia S, Simonetti E,
Bartolomeob AD (1994) Development and characterization of
novel cathode for MCFC. J Power Sources 49:227-243
22. Kaun TD, Fannon TM, Baumert BA (1984) Solubility of pro-
posed cathode materials for molten carbonate fuel cells. 166th
Electrochem Soc Meet 84-2:76-77
23. Plomp L, Veldhuis JBJ, Sitters EF, van der Molen SB (1992)
Improvement of molten-carbonate lifetime. J Power Sources
39:369-373

@ Springer


http://americanhistory.si.edu/fuelcells/mc/mcfcmain.htm
http://americanhistory.si.edu/fuelcells/mc/mcfcmain.htm
http://www.energyagency.at/fileadmin/aea/pdf/energietechnologien/molten-carbonate.pdf
http://www.energyagency.at/fileadmin/aea/pdf/energietechnologien/molten-carbonate.pdf
http://www.fce.com

3144

J Solid State Electrochem (2012) 16:3123-3146

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Plomp L, Sitters EF, Vessies C, Eckes FC (1991) Polarization
characteristics of novel MCFC cathodes. J Electrochem Soc 138
(2):629-630

Wijayasinghe A (2004) Development and characterisation of
cathode materials for the molten carbonate fuel cell. Doctoral
Dissertation Royal Institute of Technology, Stockholm, Available
at kth.diva-portal.org/smash/get/diva2:9666/FULLTEXTO1.
Accessed May 2012

Kucera GH, Brown AP, Roche MF, Indacochea EJ, Krumplet M,
Myles KM (1993) Cathode materials for MCFCs. American
Chem Soc Meet OSTI USA

Bloom I, Lanagan MT, Krumpelt M, Smith JL (1999) The De-
velopment of LiFeO,-LiCoO,—NiO cathodes for molten carbon-
ate fuel cells. J Electrochem Soc 146(4):1336-1340

Smith JL, Kucera GH, Brown AP (1990) Development of cath-
ode materials and structures for the molten carbonate fuel cell.
Proc. 2nd Symp Molten Carbonate Fuel Cell Tech (eds), JR
Selman, DA Shores, HC Maru, and I Uchida, Electrochem Soc
90(16):226-246

Makkus RC, Hemmes K, de Wit JHW (1994) A comparative
study of NiO(Li), LiFeO,, and LiCoO, porous cathodes for
molten carbonate fuel cells. J Electrochem Soc 141(12):3429—
3438

Antolini E (2004) LiCoO2: Fromation, structure, lithium and
oxygen nonstoichchiometry. Solid State Ion 170:159-171
Lundblad A, Schwartz S, Bergman B (2000) Effect of sintering
procedures in development of LiCoO cathodes. ] Power Sources
90:224-230

Bergman B (2001) Contact corrosion resistance between the
cathode and current collector plate in the molten carbonate fuel
cell. J Electrochem Soc 148(1):A38-A43

Bloom I, Kaun TD, Lanagan MT, Krumpelt M (1998) MCFC
component development at ANL. Available at http://www.osti.gov/
bridge/servlets/purl/10727-n8Z6af/webviewable/10727.pdf.
Accessed 23 Nov 2011

Wijaysinghe A, Lagergren C, Bergmen B (2011) LiFeO-LiCoO—
NiO cathodes for molten carbonate fuel cells. Fuel Cells 2:181-188
Wijaysinghe A, Bergmen B, Lagergren C (2006) LiFeO,—
LiCoO,—NiO materials for molten carbonate fuel cell cathodes.
Part I: Powder synthesis and material characterization. Solid State
Ion 177(1-2):165-173

Wijaysinghe A, Bergmen B, Lagergren C (2006) LiFeO,—
LiCoO,—NiO materials for molten carbonate fuel cell cathodes.
Part II: Fabrication and characterization of porous gas diffusion
cathodes. Solid State Ion 177(1-2):175-184

Zecheva E, Stoyanova R (1993) Stabilization of the layered
crystal structure of LiNiO, by Co substitution. Solid State Ion
66:143-149

Escudero MJ, Novova XR, Rodrigo T, Daza L (2002) Study of a
Li—Ni oxide mixture as a novel cathode for molten carbonate fuel
cells by electrochemical impedance spectroscopy. J Appl Electro-
chem 32:929-936

Delmas C, Saadoune I (1992) Electrochemical and physical prop-
erties of the Li,Ni;_,Co,0, phases. Solid State Ion 370:53-56
Ganesan P, Colon H, Haran B, White R, Popov BN (2002) Study
of cobalt-doped lithium—nickel oxides as cathodes for MCFC. J
Power Sources 111:109-120

Kim SG, Yoon SP (2004) A study on the chemical stability and
electrode performance of modified NiO cathodes for molten
carbonate fuel cells. Electrochim Acta 49:3081-3089

Kim MH, Hong MZ, Kim YS, Park E, Lee H, Ha W (2006)
Cobalt and cerium coated Ni powder as a new candidate cathode
material for MCFC. Electrochim Acta 51:6145-6151

Kim YS, Yi CW, Choi HS, Kim K (2011) Modification of Ni-
based cathode material for molten carbonate fuel cells using
C0304. J Power Sources 196:1886—1893

@ Springer

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Huang B, Li F, Yu Q, Chen G, Zhao B, Hu K (2004) Study of
NiO cathode modified by ZnO additive for MCFC. J Power
Sources 128:135-144

Escudero MJ, Nova XR, Rodrigo T, Daza L (2002) Influence of
lanthanum oxide as quality promoter on cathodes for MCFC. J
Power Sources 106:196-205

Liu ZP, Guo PY, Zheng CL (2007) Effect of Dy on the corrosion
of NiO/Ni in molten (0.62Li, 0.38 K),COs. J Power Sources
166:348-353

Huang B, Ye X, Wang S, Yu Q, Nei H, Hu Q, ShiJ, Hu K, Wen T
(2006) Electrochemical performance of Y,03/NiO cathode in the
molten Li0.62/K0.38 carbonates eutectics. Mater Res Bull
41:1935-1948

Simonetti E, Presti RL (2006) Characterization of Ni porous
electrode covered by a thin film of LiMgj (5C0g950,. J Power
Sources 160:816-820

Mansour C, Pauporté T, Ringuedé A, Albin V, Cassir M (2006)
Protective coating for MCFC cathode: low temperature potentio-
static deposition of CoOOH on nickel in aqueous media contain-
ing glycine. J Power Sources 156(1):23-27

Escuderoa MJ, Rodrigob T, Mendozac L, Cassirc M, Dazaa L
(2005) Porous nickel MCFC cathode coated by potentiostatically
deposited cobalt oxide: I. A structural and morphological study. J
Power Sources 140(1):81-87

Fukui T, Ohara S, Okawa H, Hotta T, Naito M (2000) Properties
of NiO cathode coated with lithiated Co and Ni solid solution
oxide for MCFCs. J Power Sources 86:340-346

Kuk ST, Song YS, Kim K (1999) Properties of a new type
of cathode for molten carbonate fuel cells. J Power Sources
83:50-56

Brenscheidt Th, Nitschke F, Sollner O, Wendt H (2001) Molten
carbonate fuel cell research II. Comparing the solubility and the
in-cell mobility of the nickel oxide cathode material in lithium/
potassium and lithium/sodium carbonate melts. Electrochim Acta
46(6):83-797

Paoletti C, Carewska M, Presti R, Mc Phail S, Simonetti E,
Zaza F (2009) Performance analysis of new cathode materi-
als for molten carbonate fuel cells. J Power Sources
193:292-297

Kuk ST, Song YS, Suh SI, Kim JY, Kim K (2001) The formation
of LiCoO, on a NiO cathode for a molten carbonate fuel cell
using electroplating. J Mat Chem 11:630-635

Mendoza L, Albin V, Cassir M, Galtayries A (2003) Electro-
chemical deposition of Co30, thin layers in order to protect the
nickel-based molten carbonate fuel cell cathode. J Electroanal
Chem 548:95-107

Mendoza L, Ringuede” A, Cassir M, Galtayries A II. Structural,
morphological, chemical and electrochemical analysis of nickel
covered by electrochemically deposited Co3;04 in molten
Li,CO3—Na,COs at 650 °C. J Electroanal Chem 576 1:147-160
Mansour C, Pauporté T, Ringuedé AV, Cassir M (2006) Protec-
tive coating for MCFC cathode: low temperature potentiostatic
deposition of CoOOH on nickel in aqueous media containing
glycine. J Power Sources 156(1):23-27

Ganesan P, Colon H, Haran B, Popov BN (2003) Performance of
Lag gSry,Co0Oj3 coated NiO as cathodes for molten carbonate fuel
cells. J Power Sources 115:12-18

Soler J, Gonzalez T, Escudero MJ, Rodrigo T, Daza L (2002)
Endurance test on a single cell of a novel cathode material for
MCEFC. J Power Sources 106:189-195

Song S, Jang S-C, Han J, Yoon SP, Nam SWOhI, Lim T (2011)
Enhancement of cell performance using a gadolinium strontium
cobaltite coated cathode in molten carbonate fuel cells. J Power
Sources 196:9900-9905

Tanimoto K, Miyazaki Y, Yanagida M, Tanase S, Kojima T,
Ohtori N, Okuyama H, Kodama T (1992) Cell performance of


http://kth.diva-portal.org/smash/get/diva2:9666/FULLTEXT01
http://www.osti.gov/bridge/servlets/purl/10727-n8Z6af/webviewable/10727.pdf
http://www.osti.gov/bridge/servlets/purl/10727-n8Z6af/webviewable/10727.pdf

J Solid State Electrochem (2012) 16:3123-3146

3145

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

molten-carbonate fuel cell with alkali and alkaline—earth carbon-
ate mixtures. J Power Sources 39:285-297

Tanimoto K, Kojima T, Yanagida M, Nomura K, Miyazaki Y
(2004) Optimization of the electrolyte composition in a
(Li0.52Na0.48), ,,AE,CO; (AE=Ca and Ba) molten carbonate
fuel cell. J Power Sources 131:256-260

Matsuzawa K, Tatezawa G, Matsuda Y, Mitsushima S, Kamiya
N, Ota K (2005) Effects of rare-earth additives in Li/Na eutectic
carbonate. Electrochem Soc 152(6):A1116—-A1120

Matsuzawa K, Mizusaki T, Mitsushima S, Kamiya N, Ota K
(2005) The effect of La oxide additive on the solubility of NiO
in molten carbonates. J Power Sources 140:258-263

Scaccia S, Frangini S, Dellepiane S (2008) Enhanced O, solubil-
ity by RE,O;. J Mol Liq 138:107-112

Escudero MJ, Rodrigo T, Daza L (2005) Molten carbonate fuel
cell cathodes: improvement of the electrocatalytic activity. Catal
Today 107-108:377-387

Odemondo V, Dellepiane S, Bampi R, Capobianco P (2009)
Molten carbonate fuel cell performance under different cathode
conditions. J App Electrochem 39:2123-2128

Bergaglio E, Capobianco P, Dellepiane S, Durante G, Scagliotti
M, Valli C (2006) MCFC cathode dissolution: an alternative
approach to face the problem. J Power Sources 160:796—-799
Larminie J, Dicks A (2008) Fuel cell systems explained. Wiley,
New York

Selman JR (2006) Molten-salt fuel cells—technical and economic
challenges. J Power Sources 160(6):852—857

Yuh C, Johnsen R, Farooque M, Maru H (1995) Status of car-
bonate fuel cell materials. J] Power Sources 56:1-10

lacovagelo CD (1986) Stability of molten carbonate fuel cell
nickel anodes. Electrochem Soc 133:2410-2415

Kim YS, Lim JH, Chun HS (2006) Creep mechanism of porous
MCEFC Ni anodes strengthened by NizAl. AIChE J 52(1):359-365
Jung D, Lee I, Lim H, Lee D (2003) On the high creep resistant
morphology and its formation mechanism in Ni—10 wt.% Cr anodes
for molten carbonate fuel cells. Mater Chem 13:1717-1722

Kim G, Moon Y, Lee D (2002) Preparation of Ni-5 wt% Al alloy.
J Power Sources 104:181-189

Hwang ER, Park JW, Kim YD, Kim SJ, Kang SG (1997) Effect
of alloying elements on the copper-base anode for molten car-
bonate fuel cells. J Power Sources 69:55-60

Vielstich W, Lamm A, Gasteiger HA (eds) (2007) Handbook of fuel
cells—fundamentals technology and application. Wiley, Hokeben
Wee J, Song D, Jun C, Lim T, Hong S, Lim H, Lee K (2005)
Evaluation of Ni-NizAl(5 wt.%)-Al(3 wt.%) as an anode elec-
trode for molten carbonate fuel cell Part I: Creep and sintering
resistance. J Alloys Compd 390:155-160

Wee J, Lee K (2006) Overview of the effects of rare-carth ele-
ments used as additive materials in molten carbonate fuel cell
systems. J Mater Sci 41:3585-3592

Andreas Bodén (2007) Ph.D. thesis. The anode and the electro-
lyte in the MCFC. KTH Chemical Science and Engineering,
Stockholm, Available at kth.diva-portal.org/smash/get/di-
va2:12059/FULLTEXTO1. Accessed May 2012

Hong S, Oh I, Lim T, Nam S, Ha H, Yun SP, Han J, Kang BS
(2004) Anode for molten carbonate fuel cell coated with porous
ceramic films. US Patent 6834913

Wee J (2006) Creep and sintering resistance of a Ce added anode.
Mater Chem Phys 98:273-278

Wee J (2007) Effect of cerium addition to Ni—Cr anode electrode
for molten carbonate fuel cells: surface fractal dimensions. Mater
Chem Phys 101(2-3):322-328

Yoshikawa M, Bodén A, Sparr M, Lindbergh G (2006) Experi-
mental determination of effective surface area and conductivities
in the porous anode of molten carbonate fuel cell. J Power
Sources 158:94-102

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Youn JY, Yoon SP, Han J, Nam SW, Lim T, Hong S, Lee KY
(2006) Fabrication and characteristics of anode as an electrolyte
reservoir for MCFC. J Power Sources 157:121-127

Cavallaro S, Freni S, Cannistraci R, Aquino M, Giordanoj N
(1992) Alkali effect on the MCFC internal reforming catalysts
life. Int J Hydrog Energy 17(3):181-186

Dicks AL (1998) Advances in catalysts for internal reforming in
high temperature fuel cells. J Power Sources 71:111-122

Clarke SH, Dicks AL, Pointon K, Smith TA, Swann A (1997)
Catalytic aspects of the steam reforming of hydrocarbons. Catal
Today 38(4):1-423

Katikaneni S, Yuh C, Abens S, Farooque M (2002) The direct
carbonate fuel cell technology: advances in multi-fuel processing
and internal reforming. Catal Today 77:99—-106

Berger RJ, Doesburg EBM, Ommen JG (1996) The direct car-
bonate fuel cell technology: advances in multi-fuel processing
and internal reforming. J Electrochem Soc 14:3186-3191

Moon HD, Lim TH, Lee HI (1999) Chemical poisoning of Ni/
MgO catalyst by alkali carbonate vapor in the steam reforming
reaction of DIR-MCFC. Bull Kor Chem Soc 20:1413-1417
Gaskell DR (2003) Introduction to the thermodynamics of mate-
rials. Taylor & Francis, New York

Matsumura M, Hirai C (1998) Deterioration mechanism of direct
internal reforming catalysts. J] Chem Eng Jpn 31:734-740

Choi J, Kwon H, Lim T, Hong S, Lee H (2004) Development of
nickel catalyst supported on MgO-TiO,. Catal Today 93—
95:553-560

Takeguchi T, Kani Y, Yanoa T, Kikuchia R, Eguchia K, Tsujimotob
K, Uchidac Y, Uenoc A, Omoshikic K, Aizawac M (2002) Study on
steam reforming of CH, and hydrocarbons. J Power Sources
112:588-595

Nakagawa N (2001) Catalytic activity of Ni-YSZ—CeO, anode for
the steam reforming of methane. J Power Sources 92(1-2):88-94
Choi J, Yun J, Kwon H, Lim T, Hoang S, Lee H (2005) Effect of
lithium carbonate on nickel catalysts for direct internal reforming
MCEFC. J Power Sources 145:652—658

Park DS, Li Z, Devianto H, Lee H (2010) Characteristics of alkali-
resistant Ni/MgAl,O,catalyst for direct internal reforming molten
carbonate fuel cell. Int ] Hydrog Energy 35(11):5673-5680

Shin YJ, Moon HD, Lim T, Lee H (2000) Effects of Gd203
doping and steam/carbon ratio on the activity of the catalyst for
internal steam reforming in molten carbonate fuel cell. Stud Surf
Sci Catal 130:431-436

Zhang J, Zhang X, Tu M, Liu W, Liu H, Qiu J, Zhou L, Shao Z,
Ho HL, Yeung KL (2012) Preparation of core (Ni base)—shell
(Silicalite-1) catalysts and their application for alkali resistance in
direct internal reforming molten carbonate fuel cell. ] Power
Sources 198:14-22

Fang B, Liu X, Wang X, Duan S (1998) Surface modification of a
MCEFC anode by electrodeposition of niobium. J Electroanal
Chem 441:1-3

Devianto H, Yoon SP, Nam SW, Han J, Lim T (2006) The effect
ofa ceria coating on the H2S tolerance of anode. J Power Sources
159:1147-1152

Yoon SP, Han J, Nam S, Lim TH, Oh I, Devianto H, Lee H, Ham
HC, Kim YC (2008) MCFC anode for internal reforming of
ethanol, manufacturing process thereof. US patent 0241611

Zhu WZ, Deev SC (2003) A review on the status of anode
materials for solid oxide fuel cells. Mater Sci Eng 362(1—
2):228-239

Tagawa T, Yanase A, Goto S, Yamaguchi M, Kondo M (2004)
Ceramic anode catalyst for dry methane type molten carbonate
fuel cell. J Power Sources 126:1-7

Antolini E (2011) The stability of molten carbonate fuel cell
electrodes: a review of recent improvements. Appl Energy
88:4274-4293

@ Springer


http://kth.diva-portal.org/smash/get/diva2:12059/FULLTEXT01
http://kth.diva-portal.org/smash/get/diva2:12059/FULLTEXT01

3146

J Solid State Electrochem (2012) 16:3123-3146

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Parizotto NV, Rocha KO, Damyanova S, Passos FB, Zanchet D,
Marques CMP, Bueno JMC (2007) Alumina-supported Ni cata-
lysts modified with silver for the steam reforming of methane:
effect of Ag on the control. Appl Catal 330:12-22

Li Z, Devianto H, Kwon H, Yoon SP, Lim T, Lee H (2010) The
catalytic performance of Ni/MgSiO; catalyst for methane steam
reforming in operation of direct internal reforming MCFC. J Ind
Eng Chem 16:485—489

Baker B (1989) Fuel Cell apparatus for internal reforming. US
Patent 4877693

Lacovangelo CV, Pasco WD (1988) Hot-roll-milled electrolyte
structures for molten carbonate fuel cells. J Electrochem Soc
135:221-224

Bohme O, Leidich FU, Salge HJ, Wendt H (1994) Development
of materials and production technologies for molten carbonate
fuel cells. Int J Hydrog Energy 19(4):349-355

Zhou L, Lin H, Yi B (2007) Sintering behavior of porous «-
lithium aluminate matrices in molten carbonate fuel cells at high
temperature. J Power Sources 164:24-32

Morita H, Komodab M, Mugikuraa Y, Izakia Y, Watanabea T,
Masudac Y, Matsuyamac T (2002) Performance analysis of mol-
ten carbonate fuel cell using a Li/Na electrolyte. J Power Sources
112(2):509-518

Yoshiba F, Morita H, Yoshikawa M, Mugikura Y, Nakanishi A,
Mizukami T, Takahashi K, Masuda Y (2003) Development of practi-
cal molten carbonate fuel cell stack applying Li/Na carbonate electro-
lyte, Japan Science and Technology Agency, Available at: http:/
sciencelinks.jp/j-east/article/200401/000020040103A0864964 .php.
Accessed 23 Nov 2011

Murai M, Takizawa K, Soejima K, Sotouchi H (1996) Crystal
growth of lithium aluminate in molten Li/K carbonates. J Electro-
chem Soc 143:2776-2783

Takizawa K, Hagiwara A (2002) The transformation of LiAlO,
crystal structure in molten Li/K carbonate. J Power Sources 109
(1):127-135

Tomimatsu N, Ohzu H, Akasaka Y, Nakagawa K (1997) Phase
stability of LiAlO, in molten carbonate. J Electrochem Soc 144
(12):4182-4186

Terada S, Nagashima I, Higaki K, Ito Y (1998) Stability of
LiAlO, as electrolyte matrix for molten carbonate fuel cells. J
Power Sources 75:223-229

Terada S, Higaki K, Nagashima [, Ito Y (1999) Addition of
potassium tungstate to the electrolyte of a molten carbonate fuel
cell. J Power Sources 83:178-185

Bartra VS, Maudgal S, Bali S, Tewari PK (2002) Addition of
potassium tungstate to the electrolyte of a molten carbonate fuel
cell. J Power Sources 112:322-325

Bergaglio E, Sabattini A, Capobianco P (2005) Research and
development on porous components for MCFC applications. J
Power Sources 149:63-65

Ferrari E, Ghisolfi E, Amelio C, Baccaro S (2011) MCFC matrix:
a comparison between the traditional tape casting process and the
upgraded plastic extrusion technology set up by FN. Int ] Hydrog
Energy 36:8094-8097

Hyun SH, Cho SC, Cho JY, Ko DH (2001) Reinforcement of
molten carbonate fuel cell matrixes by adding rod-shaped. J
Mater Sci 36:441-450

Kim S, Hyun S, Lim TH, Hong SA (2004) Effective fabrication
method of rod-shaped LiAlO, particles for molten carbonate fuel
cell matrices. ] Power Sources 137:24-29

Li [, Kim W, Moon Y, Lim H, Lee D (2001) Influence of
aluminium salt addition on in situ sintering of electrolyte matrices
for molten carbonate fuel cells. J Power Sources 101:90-95

@ Springer

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Kim J, Patil K, Han J, Yoon SP, Nam S, Lim T, Hong S, Kim H,
Lim H (2009) Using aluminum and Li,COj particles to reinforce
the «-LiAlO, matrix for molten carbonate fuel cells. Int ] Hydrog
Energy 34:9227-9232

Choi HJ, Lee JJ, Hyun SH, Lim HC (2010) Phase and micro-
structural stability of electrolyte matrix materials for molten car-
bonate fuel cells. Fuel Cells 10(4):613—618

Patil KY, Yoon SP, Han J, Lim T, Nam SW, Oh I, Hong S (2011)
Phase stabilities in molten Li/K carbonate of efficient matrix
materials for molten carbonate fuel cells: thermodynamic calcu-
lations and experimental investigations. J Mater Sci 46:2557—
2567

Zhu B, Liu X, Zhou P, Yang X, Zhu Z, Zhu W (2001) Innovative
solid carbonate—ceria composite electrolyte fuel cells. Electro-
chem Commun 3:566-571

McPhail SJ (2010) Status and challenges of molten carbonate fuel
cells. Adv Sci Tech 72:283-290

Frangini S, Moreno A, Zaza F (2010) Solutions for material
corrosion problems in MCFC. Adv Sci Tech 72:291-298

Zhu B, Lindbergh G, Simonsson D (1998) Comparison of
electrochemical and surface characterisation methods for in-
vestigation of corrosion of bipolar plate materials in molten
carbonate fuel cell: Part I. Electrochemical study. Corros Sci
41:1497-1513

Spigel M, Biedenkopf P, Grabke HJ (1997) Corrosion of iron
base alloy and high alloy steels in the Li2CO3-K2CO3 eutectic
mixture. Corros Sci 39(7):1193-1210

Frangini S (2006) Testing procedure to obtain reliable potentio-
dynamic polarization curves on type 310 S stainless steel in alkali
carbonate melts. Mater Corros 57(4):330-337

Donado RA, Marianowskiru LG, Maru HC (1984) Corrosion of
the wet-seal area in molten carbonate fuel cells. J Electrochem
Soc 131(11):2535-2540

Yuh C, Colpetzer J, Dickson K, Farooque M, Xu G (2006)
Carbonate fuel cell materials. J Mater Eng Perform 15
(4):457-462

Yuh C, Hilmi A, Farooque M, Leo T, Xu G (2009) Direct fuel cell
materials experience. ECS Trans 17(1):637-654

Huijsmans JPP, Kraaij GJ, Makkus RC, Rietveld G, Sitters EF,
Reijers HThJ (2000) An analysis of endurance issues for MCFC.
J Power Sources 86:117-121

Durante G, Vegnia S, Capobianco P, Golgovici F (2005) High
temperature corrosion of metallic materials in molten carbonate
fuel cells environment. J Power Sources 152(1):204-209
Frangini S, Loreti S (2007) The role of alkaline-earth additives on
the molten carbonate corrosion of 316 L stainless steel. Corros
Sci 49:3969-3987

Colon-Mercado H, Ganesan P, Popov B (2007) Performance
studies of bare and Co-plated titanium alloy as cathode current
collector in molten carbonate fuel cell (MCFC). Surf Coat Tech-
nol 201:6452-6459

Vossen JPT, Plomp L, Wit JHW, Rietveid G (1995) Corrosion
behavior of stainless steel and nickel-base alloys in molten car-
bonate. J Electrochem Soc 142(10):3327-3335

Biedenkopf P, Bischoff MM, Wochner T (2000) Corrosion phe-
nomena of alloys and electrode materials in molten carbonate fuel
cells. Mater Corros 51:287-302

Parezanovi¢ I, Strauch E, Spiegel M (2004) Development of
spinel forming alloys with improved electronic conductivity for
MCEFC applications. J Power Sources 135:52-61

Randstrom S, Lagergren C, Capobianco P (2006) Corrosion of
anode current collectors in molten carbonate fuel cells. J Power
Sources 160:782-788


http://sciencelinks.jp/j-east/article/200401/000020040103A0864964.php
http://sciencelinks.jp/j-east/article/200401/000020040103A0864964.php

	Materials issues and recent developments in molten carbonate fuel cells
	Abstract
	Introduction
	MCFC cathode
	Alternatives to NiO as MCFC cathode
	LiCoO2 as MCFC cathode
	LiFeO2–LiCoO2–NiO ternary systems

	NiO modification
	NiO cathodes modified by addition of oxides
	NiO cathodes modified by protective coatings

	Modification of carbonate melt
	Control of NiO dissolution by adjusting MCFC operating conditions

	MCFC anode
	Fuel reforming catalysts and anode modifications in MCFC

	MCFC matrix
	Bipolar current collectors and metallic components
	Conclusion
	References


