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LixNi1−xO powders and LixNi1−xO/Au with 0<x < 0.5 are synthesized by a soft chemistry
route. Analysis of LixNi1−xO by XRD shows an evolution from NiO (0<x < 0.3) to LiNiO2

(0.3<x < 0.5) structures. The stability of LixNi1−xO/Au (0<x < 0.5) compounds synthesized
by soft chemistry is studied in molten (Li0.52Na0.48)2CO3 eutectic at 650◦C, under the cathode
atmosphere used in molten carbonate fuel cells (air/CO2: 70/30). After a 48 h immersion,
analysis by XRD of the lithiated nickel oxide shows that lithium ions diffuse from the oxide
to the bulk of the melt. The major oxide detected at the surface of the sample has a
composition very close to that of NiO formed in situ at the surface of a nickel foil. Hence,
highly lithiated nickel oxides are not stable in the melt. LixNi1−xO is rapidly transformed
confirming the very high stability of Ni(II) in the working conditions. C© 2000 Kluwer
Academic Publishers

1. Introduction
Molten Carbonate Fuel Cell (MCFC) is regarded as
a clean and efficient power source device for the fu-
ture. The stage of prototypes has nowadays reached a
promising stage: after the recent experience of a 2 MW
stack in Santa Clara, a 1 MW-class MCFC installation
will soon be starting in Japan [1, 2]. The features of
a 10-kW MCFC stack has been recently studied [3].
Nevertheless, MCFC is not yet commercially available
because of its limited lifetime. Indeed, the corrosion,
the dissolution of the cathode and the current collec-
tors are crucial problems [3].

This paper will be focussed on the cathode. Dif-
ferent metals, such as nickel, cobalt or iron and sev-
eral oxides like NiO and LiCoO2 have been studied
as cathode materials for MCFC by many researchers
[4–9]. Currently, the cathode is constituted of lithiated
nickel oxide formedin situ in molten Li2CO3/K2CO3
or Li2CO3/Na2CO3. Initially, the cathode is in metal-
lic nickel; but rapidly, as nickel is exposed to molten
carbonates under an atmosphere composed of O2/CO2,
it is oxidized. On account of its temperature of for-
mation, the nickel oxide layer is not stoichiometric:
positive holes are present and the formula is Ni1−zO.
Moreover, alkali species, lithium in particular, provided
by the electrolyte, can be incorporated in its structure,
which enhances its conductivity. Indeed, the conductiv-
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ity of NiO is strongly associated with the concentration
of crystal defects [10]. The amount of lithium is esti-
mated at 1 and 4 at. % [11] and the presence of sodium
has been detected by XPS [12]. The formula of the
stable compound of nickel in the Li2CO3/Na2CO3 (52-
48 mol %) eutectic seems to be LixNayNi1−(x+y)O, with
x andy at about one per cent. Therefore, the role played
by alkali and lithium species has drawn the attention of
different authors [13, 14]. In effect, the influence of the
lithium amount is crucial for the increase of the cath-
ode conductivity and its electrochemical behavior. A
thorough study of lithiated nickel oxide in molten car-
bonate is of great interest since there are no general
data on their thermodynamic stability and in particular
LiNiO2.

Li xNi1−xO (0< x< 0.5) materials have often been
studied for their potential applications as cathodic
materials for lithium ion batteries and as cathode ma-
terials for MCFC. In this last case, LixNi1−xO ma-
terials have already been prepared using solid-state
reactions by several research teams. Some of them
prepared LixNi1−xO by reacting nickel hydroxide and
lithium hydroxide at 700◦C for 2 hours in air [15]. In a
recent article, Antolini realized a liquid phase sintering
of Li xNi1−xO solid solutions forx= 0.3 andx= 0.44
by the reaction of nickel powder with lithium carbonate
at 750◦C for different heating durations [16].
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In this paper, a soft chemistry route is developed
in order to synthesize LixNi1−xO (0< x< 0.5) com-
pounds, with structures between NiO and LiNiO2. This
process has already been used to prepare LiNiO2 as ca-
thodic material for lithium ion batteries [17]. Due to
the high reactivity of the reagents and the media, syn-
thesis preparation is shorter than solid-state reaction
processes. The principal aim of these syntheses is to
evaluate the stability of the prepared compounds in the
carbonate melt. The lithiated samples were analyzed
by X-ray diffraction (XRD) before and after their ex-
posure to the melt in order to follow the influence of
the electrolyte on the lithium amount in the NiO lat-
tice. Two types of LixNi1−xO samples were studied:
powders and thin films coated on gold by a dip coating
technique. The main interest of the coating on gold is
specifically to simulate the properties of the nickel ox-
ide layer formedin situ on nickel without taking into
account the corrosion of the support metal itself. The
structure of LixNi1−xO (0< x< 0.5) compounds are
determined by Rietveld refinement.

2. Experimental
2.1. Synthesis
Lithium hydroxide (LiOH, H2O) and nickel nitrate
(Ni(NO3)2, 6H2O), Normapur reagents of analytical
purity (>98%) were used to synthesize LixNi1−xO with
0< x< 0.5. The synthesis route was as follows: a solu-
tion of (1−x) mol of Ni(NO3)2 was prepared in water
and added to a solution ofx mol of LiOH in NH4OH.
Gelatinous green precipitates of Ni(OH)2 were formed.
Remaining water and ammonia were partially removed
by rotating evaporator at 80◦C. At this stage of the ex-
periment, two kinds of sample can be prepared. Ei-
ther the gelatinous precipitate was directly treated ther-
mally, obtaining a powder, or it was coated on a gold flag
before thermal treatment in order to realize a thin film.
Both samples were then calcined in a tubular furnace
with a heating rate of 10◦C/min up to 700◦C; this tem-
perature was maintained constant during 5 hours, under
an oxygen flow to favor the formation of nickel (III).
After thermal treatment the samples were quenched at
room temperature.

The principal advantage of LixNi1−xO/Au samples
was the possibility to compare directly the behavior
of these lithiated nickel oxide compounds with NiO
formedin situ from nickel. The main drawback of this
deposition was the more complicated refinement of the
structure because of the introduction of a second phase.

Lithium and sodium carbonates, mixed in a ratio of
52-48 mol %, were Merck reagents of analytical purity
(>98%). The cathodic atmosphere was composed of
air/CO2 in a ratio of 70-30%. Carbon dioxide of high pu-
rity grade (N45) was dried over silica gel. The cell was
a compact single-compartment crucible of dimension
70∗ 60 mm2 hermetically sealed by a stainless steel
cover with a Viton O-ring. LixNi1−xO (0< x< 0.5)
samples were coated on gold foils of 10∗ 10 mm2 (En-
gelhard CLAL). The thickness of the powder layer was
about 10µm. The temperature was controlled at 650◦C
with a West 6100 Gulton regulator and a calibrated
chromel-alumel thermocouple.

The electrode was quenched out of the cell, its surface
being recovered by a thin film of carbonate. Afterwards,
this carbonate layer was rapidly washed with a stream
of iced water, avoiding a large contact between water
and the lithiated surface.

2.2. X-ray powder diffraction analysis
The samples of LixNi1−xO/Au were analyzed before
and after the exposure to the Li2CO3-Na2CO3 (52-
48 mol %) eutectic, at 650◦C under an atmosphere
of air/CO2 (70/30%), by XRD with a Siemens D5000
diffractometer using Co Kα (λ= 1.7889Å) and a back
graphite monochromator. The diffraction pattern was
scanned by steps of 0.01◦ (2θ ) with a fixed counting
time (6 s) between 20< 2θ <100◦. The structure of
Li xNi1−xO powder and LixNi1−xO/Au were refined by
the means of the Rietveld method. The lattice parame-
ters and the real lithium ratio present in the compound
were determined. The refinement was performed by
using the Fullprof program and peak shapes were de-
scribed by pseudo Voigt-functions [18]. The Rietveld
procedure requires a structural model to refine. For
0< x< 0.3, the LixNi1−xO structure refinement was
started with the model of NiO [19]. For 0.3< x< 0.5,
the LixNi1−xO structure refinement was started with
the model of LiNiO2 [20].

For LixNi1−xO/Au compounds, gold was considered
as a second phase. Gold is crystallized in a fm3m space
group; its lattice parameter is 4.0786Å. The structure
refinement was started with a model described in the
literature [21, 22].

3. Crystallographic data
NiO is known under two allotropic varieties: a cubic
one and a rhombohedral one. The bunsenite is a green
oxide crystallized in a rock-salt structure whose space
group is fm3m [23]. Nevertheless, this cubic structure
is known to be distorted to a rhombohedral cell whose
space group is R-3m [24].

LiNiO2, crystallized in a rhombohedral structure, is
a layered compound into which lithium can be deinter-
calated and re-intercalated [25]. Lithium ions are situ-
ated in (3a) sites, nickel ions in (3b) sites and oxygen
ions in (6c) sites. When no crystal defect is present in
the lattice, LiNiO2 can be described as a succession of
three kinds of plan, one containing only lithium, one
only oxygen, and a third one only nickel. The prepared
compounds are not stoichiometric and the position of
lithium as a function of its amount is investigated fur-
ther on.

4. Results and discussion
4.1. Determination of the lattice parameters

of LixNi1−xO (0<x < 0.5)
All the synthesized samples including LixNi1−xO pow-
ders and LixNi1−xO/Au were analyzed by XRD before
exposure to the carbonate melt. Precise lattice param-
eters and the real lithium content of these compounds
were deduced from Rietveld refinement of LixNi1−xO
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Figure 1 XRD patterns of LixNi1−xO (0< x< 0.5) synthesized by soft
chemistry route.

powders avoiding the interference of gold XRD lines
in Li xNi1−xO/Au. In this first case, the precision of the
Rietveld method is much better. The XRD patterns of
Li xNi1−xO powders as a function ofx are shown in
Fig. 1. All the compounds were single-phase, neither
other secondary product nor reactant were detected. A
phase change can be noted betweenx= 0.3 andx= 0.4.
Hence, the general feature of NiO structure is conserved
for 0< x< 0.3 and the general feature of LiNiO2 struc-
ture is observed for 0.3< x< 0.5.

For x= 0, NiO has a rock-salt structure witha=
4.177Å [26]. For 0< x< 0.3, LixNi1−xO is also cu-
bic and the pattern can be indexed in the Bragg peaks
of NiO. There is no preferential position for lithium
and nickel ions; thus, there is only one cation crystallo-
graphic site. When the amount of lithium increases, the
whole pattern is shifted towards larger angles. The par-
tial substitution of nickel (II) (r = 0.83 Å) by lithium
(I) (r = 0.90 Å) implies the creation of nickel (III)
(r = 0.70 Å) whose ionic radiusr is smaller, which
contracts the lattice [27]. On the XRD pattern of the
Li0.3Ni0.7O compound, a large and very low inten-
sity peak appears around 2θ = 21◦, which indicates a
short-range order of lithium. Moreover, the broaden-
ing of (111), (220), (311) and (222) peaks is observed
for this compound. This phenomenon becomes more
pronounced for the higher lithium content compounds,
where all the mentioned lines are split into two. In Fig. 2,
the evolution of the XRD pattern, betweenx= 0.30 and
x= 0.50, is presented. Forx= 0.4, the (101) line ap-
pears and forx= 0.5 the splitting of the line 2θ = 44.5◦
into (006) and (012) can be noted. The significant evo-
lution of the XRD pattern is correlated with the phase
transition. Indeed, for 0.3< x< 0.5, LixNi1−xO is crys-
tallized in a hexagonal system; lithium and nickel ions
being segregated into predominant lithium site plan and
nickel one. The pattern is close to that of LiNiO2 whose
space group is R-3m.

In order to follow the influence of the lithium amount
on the lattice parameters, all the compounds were in-
dexed in a hexagonal system. For the compounds with
0< x< 0.3, the cubic cell is equivalent to a hexago-
nal one. Indeed, as mentioned by Liet al., when in
a hexagonal cell,ch/ah= 2

√
6, it is equivalent to the

cubic one withac=√2ah [15]. The evolution of the
〈〈a〉〉 and〈〈c〉〉 parameters is presented in Fig. 3. Both of

Figure 2 Partial XRD patterns of LixNi1−xO with different lithium con-
tents showing the phase change between NiO and LiNiO2 structures.

Figure 3 Evolution of the hexagonal parameters of LixNi1−xO. (a) “a”
parameter; (b) “c” parameter.

them decrease progressively, which can be explained
by the contraction of the lattice due to the increase in
the Ni(III) content as mentioned previously. These re-
sults are in agreement with those of Liet al.who used
a solid state synthesis route [15].

These parameters and the real amount of lithium were
deduced from the Rietveld refinement. The final conver-
gence factors varied a little with the sample, depending
if the powder was analyzed alone or if it was coated on
gold. Convergence parameters were the followingR-
values, withRB the Bragg factor: 0.010< RB< 0.020,
andRF the R factor: 0.006< RF< 0.015. The error on
these values was inferior to 2%, which can be consid-
ered as satisfactory. Nevertheless, the corresponding
values for profileRP and weight-profileRWP are much
higher: 0.08< RP< 0.176 and 0.11< RWP< 0.246.
These poor results can be explained by the inappro-
priate evaluation of the background in relation with the
experimental XRD procedure.
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A description of Rietveld refinement andR factors
is given in the Appendix. In this paper, the stability of
Li xNi1−xO (0< x< 0.5) compounds was studied in the
carbonate melt. A priori four phenomena may occur:

– Lithium originated from the melt can be incorpo-
rated in the nickel oxide. The amount of lithium may
then increase with the time.

– Lithium present in the LixNi1−xO compound can
diffuse in the melt, which means that the compound is
not stable in this melt. This diffusion involves a decrease
in the lithium amount.

– The melt has no influence on the amount of lithium
in the nickel oxide, which means that each LixNi1−xO
compound, for 0< x< 0.5, is stable in the melt; how-
ever, this situation is unlikely.

– LixNi1−xO compound is totally transformed into
NiO and LiNiO2 [14].

4.2. Behavior of LixNi1−xO/Au (0<x < 0.5)
in Li2CO3/Na2CO3 at 650◦C

These samples were analyzed by XRD after a 48-hours
immersion in the melt. Before realizing the analysis,
the carbonate layer was removed from the electrode as
indicated in the experimental part. XRD pattern of the
lithiated nickel oxide formed after exposure to the melt
was compared with that of the oxide initially present on
gold. All the LixNi1−xO/Au samples were analyzed.
The X-ray diffraction patterns of the Li0.4Ni0.6O/Au
compounds, before and after the exposure to the melt,
are compared in Fig. 4. It can be noted that the structure
of Li0.4Ni0.6O is not stable in the melt. Indeed, after
the immersion, the detected oxide has a composition
close to that of NiO as shown in Fig. 4. The (003) line
of Li0.4Ni0.6O disappears. This line is very sensitive
to the lithium amount and its arrangement in the lat-
tice; its disappearance confirms that under an air/CO2
(70-30) atmosphere, high lithium compounds are not
stable. The lithium content in the oxide decreases sig-
nificantly, proving the diffusion of lithium ions towards
the bulk of the melt and the transformation of Ni(III)
into Ni(II). Hence, in our working conditions, the stable
nickel oxide in the melt incorporates very few lithium
amounts. However, it can be noted that the lines of gold
and those of LiNiO2 are very close, which can mask the

Figure 4 XRD patterns of Li0.4Ni0.6O/Au, before and after a 48 h ex-
posure to Li2CO3/Na2CO3 at 650◦C, under air+ CO2, 70-30.

Figure 5 XRD patterns of NiO formedin situ on Ni as well as
Li0.1Ni0.9O/Au and Li0.4Ni0.6O/Au after a 48 h exposure to Li2CO3/
Na2CO3 at 650◦C, under air+ CO2, 70-30.

detection of LiNiO2. In two recent works, LiNiO2 has
been detected after immersion in a carbonate melt [14,
28]. In particular, Iinouet al.found that this compound
was formed at temperatures higher than 800◦C, under a
pure oxygen atmosphere; nevertheless, under CO2-rich
atmosphere, lithium content in NiO was very low [28].

All the synthesized samples, analyzed after their im-
mersion, have very close XRD patterns. Whatever the
initial oxide, poor or rich in lithium, the nickel oxide
after immersion is roughly similar. Hence, the XRD
patterns of Li0.1Ni0.9O/Au and Li0.4Ni0.6O/Au, after
exposure to the melt, were compared in Fig. 5 to that
of NiO formed in situ from metallic nickel. An en-
largement of the pattern shows that the product after
immersion has a composition rather close to that of
NiO formedin situon nickel. However, Li0.1Ni0.9O/Au
and Li0.4Ni0.6O/Au compounds after exposure to the
melt, show lines slightly shifted towards larger an-
gles with respect to those relative to the NiO formed
in situ. This means that lithium content in the men-
tioned compounds, after exposure to the melt, is a bit
higher than in NiO formedin situ. The value is close to
that 5%. All these results outline the very high stability
of nickel oxide, which only incorporates small lithium
amounts.

4.3. Estimation of alkali cation content
in NiO formed in situ on nickel

The amount of lithium in NiO cannot be determined
precisely by the Rietveld refinement. Indeed, this con-
tent is too weak and the structure factor of lithium is
too low. However, an estimation of this content can
be obtained. In effect, as shown in Figs 1 and 2, the in-
crease in the lithium content in nickel oxide leads to the
shift of the whole XRD pattern towards larger angles.
XRD patterns of NiO obtainedin situ from metallic
nickel, of commercial NiO as well as of Li0.05Ni0.95O
and Li0.10Ni0.90O preparedex situare compared be-
fore their exposure to the melt in Fig. 6. It can be
noted that the (111) line is about 2θ = 43.5◦ for NiO
in situ, whereas it is respectively of 43.5◦, 43.6◦, 43.8◦
for NiO, Li0.05Ni0.95O and Li0.10Ni0.90O. This indicates
that the nickel oxide chemically formedin situ incor-
porates much less than 5% of lithium. Furthermore, the
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Figure 6 Evolution of the (111) Bragg peak relative to NiO formedin
situon Ni, commercial NiO, Li0.05Ni0.95O and Li0.1Ni0.9O synthesized
ex situ.

XRD pattern of this nickel oxide is very close to that of
commercial NiO.

Few amounts of sodium can also be present in the
NiO lattice [12]. For the same reasons than lithium, a
precise quantification from XRD measurements is im-
possible. Moreover, contrary to lithium that presents
an ideal solid solution, LixNi1−xO, between NiO and
LiNiO2, there is probably no solid solution between
NiO and NaNiO2. For example, the synthesis of
Na0.2Ni0.8O in the same mentioned conditions was not
successful and the final product after thermal treatment
was biphased, containing NiO and NaNiO2. Therefore,
contrary to lithiated nickel oxide compounds, the study
of lattice parameters was not possible for sodium com-
pounds.

The amounts of lithium and sodium in the nickel
oxide, after being exposed to the carbonate melt, are
very low and analysis techniques such as XPS or XRD
are not sensitive enough with respect to light elements.
More sensitive techniques as Secondary Ions Mass
Spectrometry (SIMS) could be used to evaluate the con-
centration of lithium in NiO.

Highly lithiated nickel oxides cannot be regarded as
alternative cathodes for MCFC because of their high
instability. On the contrary, the poorly lithiated nickel
oxides synthesizedex situby a soft chemistry process
could be valuable. Fluctuations of the lithium ratio be-
tween 0–5% may have an important effect on the cath-
ode conductivity. Indeed, an optimization of the lithium
content could improve lithiated nickel oxide perfor-
mances. Moreover, the porous microstructure of the ox-
ide obtained by the precipitate synthesis method might
have an interesting electrocatalytic property.

5. Conclusion
Solid solutions of LixNi1−xO (0< x< 0.5), in a pow-
der form or deposited on gold, were successfully syn-
thesized by a soft chemistry route. These single-phase
compounds were analyzed by XRD before and after
their exposure to the molten Li2CO3-Na2CO3 eutec-
tic. The XRD patterns of LixNi1−xO compounds vary
between the features of NiO (0< x< 0.3) and LiNiO2
(0.3< x< 0.5) structures. The evolution of cell param-
eters relative to the synthesized oxides with the increase
in the lithium content was followed by the means of

Rietveld refinement. A contraction of the lattice was
observed with increasing values ofx.

Li xNi1−xO compounds with high lithium content are
not stable in the Li2CO3-Na2CO3 eutectic; lithium ions
rapidly diffuse in the melt. It was shown that the lithium
content in LixNi1−xO compounds, after a 48 h immer-
sion in the melt, reaches a value relatively close to 5%,
whereas that obtained within situ formed nickel oxide
is significantly lower than 5%. Other more sensitive
techniques such as SIMS are required in order to eval-
uate more precisely the lithium and also the sodium
contents in the NiO lattice. The synthesis by a soft
chemistry route of LixNi1−xO compounds withx< 5%
appears as a new and interesting fabrication procedure
for MCFC cathode.

Appendix [29]
The Rietveld algorithm fits the observed diffraction pat-
tern using as variables the instrumental characteristics
and the structural parameters of the sample material
(lattice and atomic parameters).

The refinement fit minimizes the following function:

F =
∑

i

wi (yi,obs− yi,cal)
2

wherewi is the weight assigned to the individual step
intensityyi,obs; yi,obs andyi,cal are respectively the ob-
served intensity and the calculated intensity at thei th
step of the pattern.

The intensity at thei th step is calculated with the
following formula:

yi,obs= yB,i +
∑
hkl

yhkl,i

whereyB,i is the background intensity at thei th step
andyhkl,i is the contribution of eachhkl line at thei th
step.

Background intensity can be estimated either by a
linear interpolation between the points where no peaks
appear or by a polynom. Several residual measurements
have been introduced to estimate the agreement be-
tween the observation and the model. The most useful
parameters are the profile and the weighted profileR
factors, which take into account the background:

Rp =
∑

i |yi,obs− yi,cal|∑
i |yi,obs|

Rwp =
[∑

i wi (yi,obs− yi,cal)2∑
i wi y2

i,obs

]1/2

Two other important factors only take into account the
intensity of the integrated lines.

RBragg=
∑

hkl |Ihkl,obs− Ihkl,cal|∑
hkl Ihkl,obs

RF =
∑

hkl

∣∣I 1/2
hkl,obs− I 1/2

hkl,cal

∣∣∑
hkl I 1/2

hkl,obs
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where Ihkl,obs is the observed integrated intensity of
the (hkl) reflection andIhkl,cal is the calculated inten-
sity. TheRBragg is surely the best criterion to assess the
agreement between the observed data and the structural
model.
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