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Ni, NiO and LixNi1−xO are the cathodic materials commonly used in molten carbonate fuel
cells (MCFCs). Since the instability of the cathode is recognized as a major hindrance to
MCFC development, in this report the behaviour of these nickel species in molten alkali
carbonates is reviewed, analyzing step by step the processes of lithiation, dissolution and
sinterization at cell operating temperatures. C© 2000 Kluwer Academic Publishers

1. Introduction
The molten carbonate fuel cells (MCFCs) are under
development worldwide as the next generation of fuel
cells. In Japan, two 100 kW class MCFCs have been
developed and tested since 1993 [1]. A typical MCFC
assembly consists of a porous nickel anode and a porous
lithium-doped nickel oxide cathode. These are sepa-
rated by an electrolyte structure, constituted of a mix-
ture of molten alkali metal carbonates (typically in
the eutectic composition 62 mol% Li2CO3-38 mol%
K2CO3) retained by capillarity into the interstices of an
array of chemically inert inorganic crystallites, com-
monly LiAlO2 [2]. MCFC cathode material must pos-
sess a good electronic conductivity and must be stable
in the molten carbonates.

Pure, stoichiometric nickel oxide is an insulating
compound. When some lithium is built into the lat-
tice, nickel oxide becomes a p-type semiconductor [3],
whose bulk transport properties fulfil the requirements
of a MCFC cathode. However, the structural degra-
dation and dissolution of LixNi1− xO cathodes in the
molten carbonates is now recognized as a major hin-
drance for long-time pressurized operation of a MCFC.
Li xNi1− xO has been found to dissolve into the molten
carbonate; the nickel species dissolved in the melt are
reduced to metallic Ni by H2 in the fuel gas and bridges
the anode and the cathode [4, 5]. The bridges short cir-
cuit and degrade cell performance and shorten cell life.
Ni metal precipitates have been found in the electrolyte
of the cell after 10,000 h of operation [6] and the life
of Li xNi1− xO cathode is thought to be far less than
40,000 h, which is the desired lifetime of a fuel cell. In
spite of this, at the present lithium doped nickel oxide
is the material worldwide used as MCFC cathode.

There are three ways of obtaining lithium doped
nickel oxide cathode for MCFCs. In cell oxidation and
lithiation of a porous metallic nickel plaque (in situfor-
mation) is the method commonly used [6]. Another way
is in cell lithiation of a porous nickel oxide plaque. Fi-
nally, the electrode can be in cell assembled as a porous
Li xNi1− xO plaque (ex situformation) [7].

In this report a critical overview of the behaviour of
Ni, NiO and LixNi1− xO in molten alkali carbonates is
presented, by analyzing in a separate way the processes
of lithiation, dissolution and sintering of the materials.

2. Lithiation
Metallic nickel plaque is oxidized and lithiated dur-
ing the start up of the cell in the temperature range
400–650◦C. Thein situ oxidation of the nickel plaque
causes the original microstructure to break into clus-
ters of much smaller particles with no interconnections,
leading to a cathode that is structurally weak. Moreover,
a 30–40% volume expansion takes place during the ox-
idation process of nickel [7]. Lithiation of NiO gives
rise to electrode dilatation too, both by solid state re-
action with Li2CO3 [8] and by reaction in molten Li/K
carbonates [9].

As Kunzet al. [10], the lithiation of NiO in molten
carbonate can be described as an electrochemical
reaction:

Ni2+ +Li+ +CO2−
3 = Ni3+ +Li+ +O2− +CO2+e−

(1)

where underlining of symbols is used to indicate the
solid state. Replacing the ion activities with the respec-
tive ionic fractions, and assuming equal concentrations
of Ni3+ and Li+ in the solid, the equilibrium potential
of relation (1) is the following:

E = E0+ RT

F
In
(
x2PCO2

)/
[(1− 2x){Li+}] (2)

wherex is lithium atomic fraction in LixNi1− xO, PCO2

is CO2 partial pressure and{Li+} is lithium cationic
fraction in the melt. The anionic fraction of O2− in the
solid and CO2−

3 in the melt are close to unity. As the
relation (2), lithium atomic fractionx increases with
increasing Li concentration in the melt and with de-
creasing carbon dioxide partial pressure.

As Tomczyket al. [11], the lithiation of NiO in the
molten carbonates takes place in the following way.
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Li xNi1− xO solid solution is formed according to the
mechanism:

Li2O+ 1
2O2 = 2Li′Ni + 2Oo+ 2h′ (3)

where Li′Ni denotes a lithium ion which has replaced
a nickel ion in the Ni sublattice and Oo is an ex-
cess oxygen ion on a regular oxygen site. Positive
holes h′ formed according to mechanism (3) are rep-
resented by Ni3+ ions in the lattice. The number of
Ni3+ ions is equal to the number of incorporated Li+
ions. Since molten carbonates decompose according to
the reaction:

CO2−
3 = CO2+O2− (4)

and molecular oxygen is consumed in the reaction of
peroxide (O2−

2 ) formation:

1
2O2+O2− = O2−

2 (5)

the relation (3) can be rewritten as:

2Li+ +O2
2− = 2Li′Ni + 2Oo+ 2h′ (6)

Taking [Oo]= 1 and [Li′Ni]≡ x= [h′], the concentra-
tion x of Li+ in in-situ lithiated NiO can be expressed
as:

x = KoKr P
1/8
O2

P−1
CO2

(7)

whereKo andKr are the equilibrium constants of the re-
actions (4) and (5), respectively. An interesting method
to evaluate time-dependence of lithiation process is to
follow the open-circuit potential (OCP) of a nickel foil
in molten Li/K carbonates. The increase in the poten-
tial value up to 100s corresponds to a region, as Nishina
et al. [12], where a NiO layer was formed and the lithi-
ation process had not yet taken place. Afterwards, a
stable potential was observed, attributable to lithiation
process. The presence of a potential arrest in the OCP
decay confirms that the lithiation is not a simple in-
corporation of Li+ ions but an electrochemical process
involving the oxidation of Ni(II) to Ni(III) in the NiO
lattice. The potential will change drastically if the oxi-
dation of Ni(II) to Ni(III), i.e. the lithiation process, is
finished. The period of stable potential, related to lithia-
tion rate, was as longer as higher was partial pressure of
carbon dioxide [13, 14]. The presence of lithiated com-
pounds was confirmed by atomic absorption [12] and
X-ray diffraction analyses [15] performed following
the OCP treatment. The process of lithiation will cease
when Li+ content inside the oxide phase reaches a cer-
tain level. It was previously noted that 1–4 at% Li is in
equilibrium with melts [16, 17], but these works did not
consider the distribution of Li+ into NiO. More recent
works found that at 650–700◦C (MCFC operation tem-
peratures) the lithiation was not homogeneous, but Li
concentration decreased going from external to internal
layers of NiO crystals, owing to the slow diffusion rate
of lithium ions into NiO lattice at these temperatures.

TABLE I Lithium content in successive layers ofin-situ (Ref. [19])
andex-situ(Ref. [11]) lithiated NiO at 700◦C

Layer/in-situ Lithium atomic
(molten Li/Na CO3) Thickness/µm fraction

1 10 0.207
2 14 0.054
3 11 0.016
4 11 0.007
Layer/ex-situ

(solid state Li2CO3)
outer — 0.157
inner — 0.042

Table I shows that non-homogeneous lithiation was ob-
tained at 700◦C both by solid state reaction of Ni and
Li2CO3 [18, 19] and by reaction of molten Li/Na car-
bonates and NiO [11]. Data on the effective resistance
Reff of NiO electrodes confirmed the non-homogeneous
lithiation of nickel oxide in molten carbonate at 700◦C
[20]. Reff of ex-situlithiated electrodes with 2 at% Li
was lower than for in-situ lithiated electrodes, because
of a different distribution of Li (responsible for the elec-
trical conductivity of NiO [3, 21]) within their volume.
In the first case, the interior of the electrode and its sur-
face layer are both electrically conductive, acquiring
some Li content during fabrication and, additionally,
from the melt during the experiments. In the second
case, the interior consists of pure NiO, and Li is present
only in the surface layer of the oxide, which probably re-
sults in a skin effect of current flow and, in consequence,
in a comparatively higher effective ohmic resistance of
this electrode.

Post-test analyses ofex situ Li xNi1− xO cathodes
with x higher than the equilibrium concentration of Li
immersed in molten carbonates, showed that lithium
content was less than the initial composition [22]. Fig. 1
from Ref. 22 shows the change ofx in Li xNi1− xO
with cell operating times. This behaviour means that
the dissolution rate of lithium ions in molten carbonates

Figure 1 Dependence ofx in Li xNi1−xO on cell operating time (from
Ref. [22]).
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is higher than that of nickel species. LixNi1− xO disso-
lution in the molten carbonates will be the argument of
the next paragraph.

3. Dissolution
Nickel oxide solubility in the molten alkali carbon-
ates was studied in many works [23–27]. Under current
MCFC operating conditions, the CO2 partial pressure
is such that NiO cathode solubility is found to occur
under acidic dissolution conditions. For a given gas
atmosphere, it was shown that NiO solubility can be
reduced both by the addition of small amount of basic
alkaline earth oxides to the acidic electrolyte [28] and
by using a lithium-rich melt [29].

Being lithium content on the surface of NiO high,
owing to non-homogeneous lithiation, a more accurate
analysis of the dissolution process takes into account
Li xNi1− xO, instead NiO. To confirm the LixNi1− xO
dissolution, Mugikuraet al. found that part of de-
posited Ni in the matrix cell exists as lithiated NiO
[30]. Lithiated NiO can dissolve as simple Ni2+ and
Ni3+ ions as well as NiO2−2 and NiO−2 . It is assumed
that NiO2−

2 is negligible because NiO, being essentially
a basic oxide, should not form such a complex except in
very alkaline melts. As proposed by Kunzet al.[10], the
dissolution reactions, and their equilibrium constants,
are:

Ni2+ +O2− + CO2 = Ni2+ + CO2−
3 ,

K1 ≡ (Ni2+)liq

[(1− 2x)PCO2]
(8)

Ni3+ + Li+ + 2O2− + 2CO2=Ni3+ + Li+ + 2CO2−
3 ,

K2 ≡ (Ni3+)liq

x2P2
CO2

(9)

Ni3+ + Li+ + 2O2− = Li+ + NiO−2 ,

K3 ≡ (NiO−2 )liq

x2
(10)

The total equilibrium concentration of dissolved nickel
is:

[Ni] eq= K1(1− 2x)PCO2 + K2x2P2
CO2
+ K3x2 (11)

Table II showsK values and the dependence of equi-
librium constantsKi on CO2 partial pressure. In acidic
conditions total dissolved nickel increases with lithium
content of NiO. Fig. 2 shows total Ni dissolved (as
the sum of Ni2+, Ni3+ and NiO−2 ) vs lithium con-
tent in LixNi1− xO for different values ofPCO2. Fig. 3

TABLE I I Equilibrium constants and exponentialPCO2 dependence
at 650◦C of LixNi1−xO dissolution reactions, as Ref. [10]

Equilibrium constant ExponentialPCO2

Reaction K (mg/cm3) dependence

(8) 0.0097 1
(9) 18 2

(10) 0.47 0

Figure 2 Total dissolved nickel, calculated from the relation (11), vs
lithium content in LixNi1−xO. (•) PCO2 = 0.03 atm; (¥) PCO2 =
0.3 atm.

Figure 3 Concentration of nickel species vsPCO2, calculated using the
values ofx andPCO2 of Ref. [9], andKi values of Ref. [10]. (•) Ni2+;
(¥) Ni3+; (N) NiO−2 .

shows the concentration of nickel species dissolved
in the molten carbonates vsPCO2, calculated putting
in the relationships (8–10) the values ofx and PCO2

of Ref. [9] and the equilibrium constant values of
Ref. [10]. The amount of NiO2− ions decreases with
increasingPCO2 : NiO−2 solubility does not depend on
PCO2, but its concentration increases withx, which,
in its turn, decreases withPCO2 (in situ lithiation). The
amount of Ni2+ and Ni3+, instead, increases withPCO2,
as the solubility of these species increases with CO2
partial pressure.

After dissolution, in MCFC nickel species can dif-
fuse from the cathode toward the anode or reprecipitate
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within the cathode. In the first case, at some location
between the two electrodes and under the influence of
reducing conditions by the anode gas, the dissolved
nickel precipitates as nickel metal. The precipitation of
nickel creates a sink for the nickel ions, which facili-
tates further NiO dissolution, resulting in a short-circuit
phenomenon. In the second case, which we will con-
sider in the next paragraph, a sintering process of the
electrode takes place.

4. Sintering
Since the fuel cell uses molten alkali carbonates, the
cathode materials tend to deform and deteriorate over
time. There is concern that the thickness of lithiated
nickel oxide cathodes may also be reduced over time.
Work at GE indicated that the structure ofex situfab-
ricated cathodes tends to transform to that ofin situ
cathodes with time in the fuel cell [31]. Maruet al.
reported an extensive coarsening of the material as a
result of a dissolution/precipitation process [32]. Mor-
phological changes, as the break of LixNi1− xO particle
agglomerates and disappearance of intragranular voids
following cell operation was also reported [33]. Minh
performed tests to clarify this phenomenon by varying
the cathode thickness, compressive stress and manufac-
toring method, but could not obtain definitive results
[2]. Muray et al. reported that, when the CO2 partial
pressure is low, rapid deformation of nickel oxide cath-
ode in molten Li/K carbonates occurred [9], as shown
in Fig. 4.

Out of cell sintering of LixNi1− xO plaques in
the presence of molten Li2CO3 was previously re-
ported [34]. Fig. 5 shows the diameter change of
Li xNi1− xO plaque following lithiation time at 700◦C
(solid Li2CO3) and 750◦C (molten Li2CO3). While at
700◦C lithiation process results in plaque dilatation, at

Figure 4 Deformation of nickel oxide cathode in molten Li/K carbon-
ates with time at different CO2 partial pressures, as Ref. [9]. (dashed dot-
ted line) PCO2 = 0.3 atm; (dotted line)PCO2 = 0.03 atm; (dashed line)
PCO2 = 0.003 atm.

Figure 5 Diameter change of LixNi1−xO plaque with lithiation time at
(•) 700◦C (solid Li2CO3) and (¥) 750◦C (molten Li2CO3), as Ref. [34].

750◦C the presence of molten lithium carbonate gives
rise to shrinkage of the specimen by reactive liquid
phase sintering. Moreover, the presence of LixNi1− xO
in the hexagonal phase (nickel in NiO−2 form) seems
to be a basic requirement to sinterization process in
molten lithium carbonate [35].

On the basis of the results reported in Figs 3 and 4
it can be inferred that, when the CO2 partial pressure
is low, the amount of NiO−2 ions in molten carbonates
is high and their reprecipitation promotes mass trans-
portation between lithium nickel oxide particles. Likely
liquid phase sintering of LiAlO2 in molten carbonate
[36], sintering by dissolution/reprecipitation process
involving NiO−2 ions takes place. When the CO2 partial
pressure in the gas is high, the amount of Ni2+ ions in
molten carbonate is high too. However, as Equation 5,
O2− ions react with CO2 to form CO2−

3 , resulting in a
lower concentration of O2− ions. This limits the repre-
cipitation reaction of Ni2+ and O2− ions.

As shown in Table III, Hatohet al.[22] found a retard-
ing effect on the nickel deposition by using LixNi1− xO
with high lithium contents, i.e. with high amount of
NiO−2 . This behaviour seems to confirm the sintering

TABLE I I I The amount of deposited Ni in the electrolyte after cell
operation for LixNi1−xO with different lithium contents, as Ref. [22]

Nominal Cell Deposited
lithium atomic Electrolyte operation Ni amount
fraction composition time (h) (mg/cm2)

0.02 Alkali carbonates 4570 8.3
(Li/K = 62/38)

0.02 5 mol% BaCO3 in 4490 5.2
alkali carbonates

0.28 Alkali carbonates 3640 3.8
0.28 5 mol% BaCO3 in 3810 1.5

alkali carbonates
0.42 5 mol% BaCO3 in 4560 1.3

alkali carbonates
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process by dissolution/reprecipitation of NiO−2 ions. As
NiO−2 does not migrate toward the anode but reprecip-
itates in the cathode, the amount of nickel deposited
in the electrolyte decreases. Moreover, the sintering
process gives rise to LixNi1− xO surface area decay
and, as a consequence, to the decrease of the molten
carbonate/LixNi1− xO interface and lithium nickel ox-
ide dissolution. Cathode sintering decreases the micro-
porosity of the electrode, resulting in a slighly decrease
of cell performance with operation time. But, as cell
shorting is delayed, cell lifetime increases.

5. Conclusions
The dissolution and the sintering processes of lithium
nickel oxide in molten carbonates strongly depend on Li
concentration in LixNi1− xO and on CO2 partial pres-
sure. In acidic conditions, total amount of dissolved Ni
species increases withx and PCO2. Sintering process
takes place in the presence of an appreciable amount of
NiO−2 (high x) or of Ni2+ (low x) and O2− (low PCO2).
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