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The paper shows the possible obtaining of the solid solution of LaNiO3 and LaFeO3 by a
sol-gel like method with propionate acid as solvent. In order to understand the role of the
precursor nature in function of the starting materials on the formation or not of
LaNixFe1−xO3, an identification using infrared spectroscopy was made. The solid solution
formation needs the limitation of the preferential LaFeO3 in order to permit the introduction
of nickel into the structure. Nitrate salts of iron and lantanum gave pure LaNixFe1−xO3

perovskite with a high homogeneity even at nanoscopic scale. C© 1999 Kluwer Academic
Publishers

1. Introduction
Natural gas is a particular abundant, clean and easily
extractable energy source [1]. Unfortunately its pro-
duction sites are located far away from the exploitation
sites and its transport remains expensive and dangerous
[2, 3]. It is thus of interest to convert it into liquid fuel
via an intermediate mixture of CO, CO2 and H2, called
synthesis gas [4]. The transformation occurs mainly via
a catalytic way by addition to natural gas of an oxidant,
which is often water [5], but which can also be oxygen
or carbon dioxide [6, 7]. The catalysts containing nickel
are the most used because of their fast turnover rate, cost
and long term stability [8]. The catalytic reaction is per-
formed at high temperature (800◦C) and metal nickel
is the active species [9]. However, nickel tends to sinter
[10] in the reaction conditions, which leads to diminish
the number of active sites and to increase the carbon
deposition.

The initial interaction of nickel with the support un-
der the form of an aluminate (NiAl2O4) [11] or a lan-
thanate (LaNiO3) [12] is considered favourable to the
good working of the catalyst, because it can limit the
sintering of metal particles by the interaction between
Ni and the support [13]. So, the initial formation of
a definite structure represents a new and interesting
route in the catalysis of synthesis gas production [6].
Perovskite structures are widely studied for their in-
trinsic properties [14] and their applications in elec-
trochemistry, supraconductivity [15] and especially in
catalysis [16]. It has been shown, that the combination
of nickel with a second element of the VIII group into a
lanthanum perovskite structure La(Ni, M)O3 presented

interesting properties in catalysis like the preserving of
a perovskite phase during reaction and a strong inter-
action between nickel and the structure, limiting metal
crystallite growth and carbon deposition [17]. Espe-
cially iron is interesting because of its stabilising effect
on the structure [18]. The ionic radii of Fe (+III) and
Ni (+III) are of similar size order, which permits to af-
ford the formation of a LaNiO3-LaFeO3 solid solution
[19, 20]. Moreover both LaFeO3 [21] and LaNiO3 [22]
perovskite structures exist and they present cubic per-
ovskite structures with orthorhombic and rhomboedral
distortions respectively.

In this paper different preparations either via a ce-
ramic method using oxides or via a sol-gel related
method using propionic acid as solvent and various
starting materials (nitrate, acetate, oxide, metal) were
studied for the formation of LaNi0.3Fe0.7O3.

Only few of them lead to the obtaining of the solid
solution. The conditions required for its formation are
linked to the preparation method and to the nature
of the starting materials. In the appropriate condi-
tions, all products of the solid solution LaNixFe1−xO3
(0≤ x ≤ 1) with a step of 0.1 could be prepared and
studied.

2. Experimental
2.1. Choice of the preparation method

and of the starting materials
A preparation was carried out via a ceramic method
starting from oxides: the oxides were mixed, crushed
together, pressed into 200 mg pellets and calcined at
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TABLE I Characteristic peaks of mono and bidentate propionates and of nitrates

IR peaks (cm−1) products νsCO νasCOO δasCH3 νsCOO δsCH3 andν3 NO νsCH2 ν2 NO

Monodentate propionate 1570 1410
Bidentate propionate 1520 1420
Propionic acid 1710 1468 1380 1332
Nitrates 1380 830

Figure 1 Scheme of preparation via a sol-gel related method.

750◦C. This treatment was performed three times in
order to get a better homogeneity of the system.

All other preparations follow a sol-gel related method
using propionic acid as solvent [23] and described in
Fig. 1.

Before use, lanthanum oxide was calcined 12 h at
900◦C in order to decompose the easily formed lan-
thanum hydroxides, which would lead to a stoechiom-
etry defect in the final product. This method requires the
preliminary formation of clear La, Ni and Fe solutions,
obtained after total dissolution of the starting materials
in propionic acid. After dissolution, the Ni and Fe solu-
tions were mixed and added to the La solution. After a
30 min stirring, the solvent was evaporated until the for-
mation of a resin or a foam, which was calcined under a
temperature increase with a slope of 3◦C . min−1 from
25–750◦C and maintained 4 h at 750◦C. The critical
point of this method, especially observed in large scale
preparations, is the evaporation of the solvent, which
sometimes leads to the decomposition of nitrates with
violent NO2 production. So, a slow and controlled dis-
tillation is recommended for this step. Even prepared
in small amounts, the resin tends to become red with
incandescent points and finally burns to a black powder.

In order to avoid or limit this phenomenon, other
starting materials as nitrates have to be tested for the
preparation of the solid solution. The differences ob-
served at the end of the evaporation of the solvent de-
pending on the starting materials must be linked to the
state of the precursors in the solutions.

2.2. Obtention of the precursors and oxides
Therefore a study on the formation of the precursors
observed in the propionic acid solution, depending on
the starting materials used, was carried out following a
method developed by Roger [24]. In this method, the
solution obtained by dissolution of a starting material
into propionic acid is concentrated by a partial evapora-
tion of the solvent. Hexane is added as counter-solvent

to this solution until the appearance of a white precipi-
tate. Then this mixture is kept in the freezer at−10◦C
until the formation of crystals. The obtained crystals
are rapidly filtered, washed with hexane and analysed
by FT-IR in a KBr matrix containing 3 wt % of product.
The FT-IR spectra were obtained on a Nicolet 5DXC
spectrometer with Fourier transform. The characteris-
tic peaks for mono- or bidentate propionates [24, 25],
propionic acid and nitrates are given in Table I.

After calcination the final products were charac-
terised by X-Ray Diffraction (XRD) on a Siemens
D5000TT diffractometer using CuKα radiation, by
Scanning Electron Microscopy (SEM) on a JEOL JSM
840 microscope, by elemental analysis performed in
the CNRS Centre in Vernaison and by specific surface
measurements (BET).

Depending on the starting materials and the for-
mer precursors the LaNixFe1−xO3 solid solution was
obtained or not. In the case of its formation, the
products were characterised by Transmission Electron
Microscopy (TEM) on a Topcon EM 002B microscope
(accelarating voltage of 200 kV) coupled to an Energy
Dispersive X-ray Spectroscopy (EDS).

3. Results and discussion
3.1. Characterization of the precursors
Using the ceramic preparation method, the LaNix

Fe1−xO3 solid solution was not obtained but a mixture
of LaNiO3, LaFeO3 and of the starting oxides NiO,
La2O3 and Fe2O3 was observed. This was quite ex-
pectable because this method requires a much higher
calcination temperature (1200◦C) in order to have a
sufficient diffusion of the elements. However, in our
case, the temperature is limited by the transformation
of LaNiO3 into La2NiO4 and NiO above 860◦C. As
shown previouly [26] the common used method is a
sol-gel related method. This method was tested using
various starting materials (either nitrates, acetates, ox-
ides or metals of La, Ni and Fe). However, only those,
which were totally soluble in propionic acid were kept
for the preparation. The study of the redox potential is
a good indicator of the solubility of metallic elements
[27]. Whereas metallic iron easily dissolved in hot pro-
pionic acid, metallic nickel was not soluble even after
two days. Nitrate and oxide were retained for La, ni-
trate and metallic iron for Fe and nitrate and acetate
for Ni. The different possible combinations of starting
materials for the LaNixFe1−xO3 preparation are given
in Table II.

In order to test the influence of the starting material
nature and to choose the most appropriate combina-
tion for the preparation, a study of the precursors was
performed.
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TABLE I I Combinations of starting materials tested for the preparation of the LaNixFe1−xO3 solid solution

No. Starting material (La) Starting material (Fe) Starting material (Ni)

1 Nitrate La(NO3)3, 6H2O Nitrate Fe(NO3)3, 9H2O Nitrate Ni(NO3)2, 6H2O
2 Nitrate La(NO3)3, 6H2O Nitrate Fe(NO3)3, 9H2O Acetate Ni(C2H3O2)2, 6H2O
3 Nitrate La(NO3)3, 6H2O Metal Fe Nitrate Ni(NO3)2, 6H2O
4 Nitrate La(NO3)3, 6H2O Metal Fe Acetate Ni(C2H3O2)2, 6H2O
5 Oxide La2O3 Nitrate Fe(NO3)3, 9H2O Nitrate Ni(NO3)2, 6H2O
6 Oxide La2O3 Nitrate Fe(NO3)3, 9H2O Acetate Ni(C2H3O2)2, 6H2O
7 Oxide La2O3 Metal Fe Nitrate Ni(NO3)2, 6H2O
8 Oxide La2O3 Metal Fe Acetate Ni(C2H3O2)2, 6H2O

TABLE I I I IR peaks (cm−1) of the precursors depending on the starting materials

IR peaks (cm−1)
starting materials νsCO νasCOO δasCH3 νsCOO νNO3 δsCH3 νsCH2 νNO3

Lanthanum nitrate 1522 1469 1435 1384 1296 825
Lanthanum oxide 1716 1560 1468 1433 1378 1296
Iron nitrate 1574 1468 1434 1380 1304 825
Metallic iron 1573 1468 1430 1375 1302
Nickel nitrate 1570 1467 1414 1384 1302 825
Nickel acetate 1570 1467 1415 1377 1300

Figure 2 FTIR of precursor made from lanthanum oxide in propionic
acid (monodentate La propionate).

Crystals were obtained from the solutions of start-
ing materials dissolved in propionic acid, following the
method described in the experimental part. The IR spec-
tra of these crystals indicate the nature of the precur-
sors of each element used for the preparation of the
perovskite structure. The IR peaks observed for these
starting material precursors are given in Table III. The
IR study of the crystals obtained from the metallic iron
solution has shown the formation of a monodentate lan-
thanum propionate (Fig. 2).

This formation results from the oxido-reduction re-
action (1):

La2O3+ 6CH3CH2COOH→ 2La(CH3CH2COO)3
(1)

For the nickel acetate and for the iron solutions in propi-
onic acid, propionates have also been observed. In these
cases, nickel and lanthanum remained at the valence
states+2 and+3 respectively, like in the starting ma-
terials used, whereas Fe◦ is oxidised into Fe(+III).

However, starting from nitrate salts, the propionate
to nitrate substitution seems to be more difficult. This
substitution depends on the nature of the element and
on its hydration rate as shown Table IV. Indeed, as a

TABLE IV Nature of the precursors in propionic acid versus the
starting materials

Element Starting material Precursors in propionic acid

La Lanthanum nitrate Nitrates+ few bidentate
propionates

La Lanthanum oxide Monodentate propionates
Fe Iron nitrate Nitrates+ few monodentate

propionates
Fe Metallic iron Monodentate propionates
Ni Nickel nitrate Nitrates+ few monodentate

propionates
Ni Nickel acetate Monodentate propionates

first step, the presence of water in the starting materials
helps the nitrate salts to dissolve in propionic acid in
creating a separation between the metallic cation and
the nitrate anions. The solvolysis occurs slowly for the
three elements and if the solvent is evaporated rapidly a
foam formation corresponding to nitrate departure can
be observed for Ni and Fe solutions. A slow evapora-
tion of the solvent leads progressively to the total nitrate
departure and to the propionate formation, but in this
case, the particular interest of the various nature of the
starting material disappears. So a fast evaporation of
the solvent was chosen for this study and for the prepa-
ration of the perovskite structure. This explains why
nitrate and propionate peaks coexist in the IR spectra
for the three nitrate salts of La, Ni and Fe. In the case of
lanthanum nitrate, the IR spectra showed a intense ni-
trate peak, indicating that the substitution of nitrate by
propionate is more difficult than for Ni and Fe. Table IV
gathers the nature of the precursors observed in the pro-
pionic acid solution depending on the starting materials
used.

Using all the possible combinations of these start-
ing materials, eight preparations of the LaNi0.3Fe0.7O3
structure were tested and characterised by X-ray
diffraction. XRD detected phases are given versus the
starting materials used in Table V. The XRD diagrams
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TABLE V XRD detected crystalline phases versus the starting materials used

Starting materials Propionate formation
Crystalline

No. La Fe Ni La Fe Ni XRD phases

1 Nitrate Nitrate Nitrate Few bi Few Mono Few Mono LaNi0.3Fe0.7O3

2 Nitrate Nitrate Acetate Few bi Few Mono Mono LaNi0.3Fe0.7O3

3 Nitrate Metal Nitrate Few bi Mono Few Mono LaNi0.3Fe0.7O3

4 Nitrate Metal Acetate Few bi Mono Mono LaNi0.3Fe0.7O3

5 Oxide Nitrate Nitrate Mono Few Mono Few Mono LaNi0.2Fe0.8O3

6 Oxide Nitrate Acetate Mono Few Mono Mono LaNi0.2Fe0.8O3

7 Oxide Metal Nitrate Mono Mono Few Mono NiO/La2O3, LaFeO3

8 Oxide Metal Acetate Mono Mono Mono NiO/La2O3, LaFeO3

Figure 3 SEM micrograph for the La-Ni-Fe perovskite made with all nitrate salts and Ni/Fe= 0.3/0.7 (sample No. 1).

showed the formation of the desired structure for the
combinations Nos. 1 to 4. The presence of an under
stoechiometric perovskite structure in nickel was noted
for the combinations Nos. 5 and 6 (remaining NiO and
La2O3 could not be detected by XRD), whereas three
phases NiO, La2O3 and LaFeO3 were observed for the
combinations Nos. 7 and 8.

The results obtained by XRD show clearly that
all the preparations using lanthanum nitrate as start-
ing material present the formation of the expected
LaNi0.3Fe0.7O3 structure [26, 28]. This leads to the con-
clusion that lanthanum nitrate is necessary to the prepa-
ration of the LaNi0.3Fe0.7O3 structure. In the absence
of lanthanum nitrate, the nickel is not or partially not
inserted in the perovskite structure. This phenomenon
can be related to the preferential formation of the sta-
ble LaFeO3 perovskite structure, resulting in the exclu-
sion of nickel of the structure. Probably the presence
of nitrates around the lanthanum ions in the propionic
solution limits this preferential LaFeO3 formation and
permits the insertion of nickel into the structure.

Evident differences have been noticed in the BET
specific surface area measurements and on the SEM

micrographs between the bordering preparations No.
1 using only nitrate salts (Fig. 3) and No. 8 using
no nitrates (Fig. 4). While the BET value is equal to
5.8 g·m−2 for No. 1, it is lowered to 2.5 g·m−2 for
No. 8. Whereas No. 1 shows holes, corresponding to
nitrate departure during the step of evaporation of the
solvent, No. 8 presents a smooth surface, which ex-
plains the lower BET value and which is unfavourable
to a catalytic application.

3.2. Preparation of the total solid
solution and characterisation

The preparation of all compounds of the LaNixFe1−xO3
series with 0≤ x ≤ 1, nitrate salts have been chosen as
La, Ni and Fe starting materials, following the results
of the previous study. The elemental distribution in the
LaNixFe1−xO3 sample series prepared via the sol-gel
related method has been determined by elemental anal-
ysis in Vernaison and agrees well with the theoretical
values (relative errors inferior to 1%). The XRD anal-
ysis has shown that in each case only one perovskite
phase is obtained (Fig. 5). Moreover, a zoom in the
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Figure 4 SEM micrograph for the La-Ni-Fe perovskite made without nitrate salts and Ni/Fe= 0.3/0.7 (sample No. 8).

Figure 5 DRX analysis of La-Ni-Fe perovskite made with all nitrate
salts and Ni/Fe= 0.3/0.7 (sample No. 1) in the area 20.0≤ 2θ ≤ 90.0
(2θ ).

area of the most intensive peak (31.5 ≤ 2θ ≤ 33.0)
presents a progressive and regular shift of the peak po-
sitions from LaFeO3 to LaNiO3 reference phases with
increasingx (Fig. 6). According to the Vegard’s law
[29] to the formation of the LaNixFe1−xO3 solid solu-
tion for 0 ≤ x ≤ 1 with a 0.1 step was concluded.

The lattice parameter of these structures assimiled
pseudo-cubic has been calculated using the six most
intensive XRD peaks and reported vs.x (Fig. 7). The
curve obtained is linear and presents lattice parame-
ters of 3.92 and 3.84̊A respectively for LaFeO3 and
LaNiO3 in agreement with the reference values calcu-
lated using the JCPDS files, 3.93 and 3.85Å respec-
tively.

This confirms the formation, by this preparation
method, of a La(Ni, Fe)O3 solid solution, as recently
proposed by Garciaet al. for a citrate precipitation
method [30]. However, in our case, the solid solution

Figure 6 DRX analysis of La-Ni-Fe perovskite made with all nitrate
salts and Ni/Fe= 0.3/0.7 (sample No. 1) in the area 31.5 ≤ 2θ ≤
33.0 (2θ ) with the references * for LaFeO3 and◦ for LaNiO3.

Figure 7 Lattice parameter vs.x for LaNixFe1−xO3 solid solution.

is observed in all proportions for 0≤ x ≤ 1 inclusive
for x = 0.5. In order to confirm the formation of the
solid solution, also at a nanoscopic scale, the homo-
geneity of the samples has been studied by TEM-EDS.
The micrographs show the regular succession of the
atomic planes, which can belong to different planes of
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Figure 8 TEM of La-Ni-Fe perovskite made with all nitrate salts and Ni/Fe= 0.3/0.7 (sample No. 1: LaNi0.3Fe0.7O3).

the lattice, as presented for LaNi0.3Fe0.7O3 (Fig. 8). The
interreticular distances measured on these micrographs
correspond to those of LaNixFe1−xO3 perovskite lat-
tice. However, the precision is not sufficient to distin-
guish differences versusx and the multiplicity of the
observed planes is too high to calibrate them. For these
reasons, TEM does not permit to reach the nickel stoe-
chiometry in the solid solution.

EDS measurements have been carried out on differ-
ent areas of the samples, using either a broad (200 nm
diameter) focused beam or using a fine (14 nm diame-
ter) focused beam. As shown by Houallaet al. [31], the
use of a fine focused beam in the scanning transmission
mode for X-Ray microanalyses gives information about
the sample homogeneity, whereas the broad focused
beam leads to the mean elemental proportions in the

4126



P1: FJU(SAI)/LOE P2: FJU/FFV P3: FIW(BKR) 5681-98 June 18, 1999 12:11

Figure 9 EDS analysis of LaNixFe1−xO3 with x = 0.3, No. 1 large
focused beam (200 nm), Nos. 2–5 fine focused beam (14 nm).

Figure 10 EDS analysis of LaNixFe1−xO3 with x = 0.7, No. 1 large
focused beam (200 nm), Nos. 2–5 fine focused beam (14 nm).

sample. The two LaNi0.3Fe0.7O3 and LaNi0.7Fe0.3O3
systems are presented as examples for the EDS analy-
ses, respectively in Figs 9 and 10 and it is clearly to see
that the prepared systems are very homogeneous.

4. Conclusion
A preliminary study on the preparation methods and
on the starting materials has permitted to show the in-
fluence of the precursors and to select an appropriate
way for the formation of the LaNixFe1−xO3 solid solu-
tion. All compounds of this LaNixFe1−xO3 series, with
0 ≤ x ≤ 1 and a 0.1 step, have been successfully pre-
pared via a sol-gel related method using propionic acid
as solvent and nitrate salts as starting materials. The
characterisations by XRD and TEM have demonstrated
the formation of the La-Ni-Fe solid solution in all pro-
portions and the good homogeneity of the prepared sys-
tems has been proved by the constant local elemental
distribution given by EDS. These interesting properties
are in favour of a catalysis application of these mixed
perovskite LaNixFe1−xO3 systems.
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