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Abstract

LaNiO;, LaFeO; and their solid solution LaNi,3Fey ;05 have been prepared using acetate and citrate salts as precursors. The
decomposition of organic substances were obtained by calcination in mild conditions. A detailed discussion of the structural and
microstructural changes of these materials due to thermal treatments is proposed by means of X-ray diffraction, microraman spec-
troscopy, and scanning electron microscopy studies. Moreover, the local distortion of the perovskite structure determining the second
order transition in these perovskites has been evidenced by microraman spectroscopy. Indeed, this technique has been shown to be

powerful to characterize the local coordination of the metals, that is possibly a critical parameter in their chemical activity.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Perovskite-type oxides (ABOj, where A is an alkali,
alkaline earth, or lanthanide metal and B is a transition
metal) are widely studied for their intrinsic properties’
and their applications in electrochemistry,” super-
conductivity® and catalysis.* Their composition can be
varied in a wide range by partial substitution of cations
in A and/or B sites yielding compounds of the general
formula (A.A’_,)(B,B’|_,)O; with different physical
and chemical properties. The cation substitution may
induce distortions in the perovskite structure>® and a
great stability up to high temperatures.

It was also reported that substituted LaM O3 materials
(where M is a transition metal) are interesting for the
combustion of hydrocarbons,” and in particular for
methane.® In particular, studies performed on LaNiO5°
evidenced that nickel into this type of structure stabi-
lizes the active metal at high temperature and it limits
the sintering and the coke formation. Moreover, the
combination of nickel with a second element of the VIII
group into a lanthanum phase (La(Ni,M)O;) generally
forms perovskite structures. Also in this case the strong
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interactions between nickel and the perovskite structure
limits crystallites growth and carbon deposition.'°

Provendier et al.'' obtained LaNiO; LaFeO; and
LaNi, Fe;_, 03 from aqueous solutions of the precursors
with addition of oxalic acid and precipitation of the
oxides, while Delmon et al. have proposed 30 years
before a citrate route.!> More recently, Kienemann and
co-workers!3!4 have proposed a sol-gel method which
allows the synthesis of LaNi Fe;_,O; perovskite single
phase by using the propionic acid as the solvent. The
critical point of this method is the decomposition of
nitrate anions with violent NO, production which is
especially observed in large scale preparations during
the evaporation of the solvent. At this regards, this
method is even more dangerous than the original route
based on citrate because of the presence of propionic
acid instead of water.

For the first time, in this paper the evolution of the
structure, microstructure, and morphology due to dif-
ferent temperature treatments of LaNiO; LaFeO; and
LaNij 3Fe( 7,05 powders is reported. The samples pre-
paration is based on a variation of the Delmon method.

We have modified the citrate route by:

(a) utilizing acetates instead of nitrates as starting
salts and
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(b) decomposing the organic substances in mild
conditions by typical temperatures up to 400° C.

The LaNig3Fey ;03 composition was chosen because
Provendier et al.!> have demonstrated that within the
series LaNi Fe;_,O3 the perovskite with x=0.3 pre-
sented the best catalytic activity. Moreover, similar
sample was also analysed by Rapagna et al. to develop a
catalyst for hydrogen production from biomass gasifi-
cation.!® It results that the LaNi,;Fe,;05 shows the
best activity at the temperature of 800 °C.

2. Experimental section
2.1. Preparation method

The major advantages of this preparation procedure,
referring to the method based on nitrates mainly used as
precursors,'>!4 implies the absence of propionic acid as
the solvent, that may cause safety and environmental
problems.

The preparation of LaNij3Fey-,0; was carried out
starting from three different precursor solutions. Lan-
thanum(Il)acetate hydrate 5.3 g, nickel(Il)acetatete-
trahydrate 1.064 g and iron(IIl)citrate 2.936 g were
separately dissolved in water. The three solution were
then mixed together and appropriate amount of citric
acid (1 equivalent of citric acid per equivalent of cation)
and ammonia were added. NH; allows all the compo-
nents to be in the solution. The solution was then con-
centrated in a rotavapor by rising the temperature up to
90 °C at 100 mbar until the formation of a meringue-
type spongy solid. The sample was dried in a vacuum
oven starting from 70 to 180 °C with a linear increase of
temperature in 5 days (15 °C/12 h) and then heated at
400 °C (6 °C/h, 2 h at 400 °C) in order to obtain the
complete decomposition of the organic phases. Finally,
different samples were thermally treated in air at 600, 700,
800, 900 and 1000 °C (15 °C/h, 2 h at the final tempera-
ture). LaNiO; and LaFeO; were prepared using the same
method starting from the respectively metallic precursors.

2.2. Characterization techniques

All the X-ray diffraction experiments were performed
by a Philips MPD 1830 automated powder dif-
fractometer with graphite-monochromated Cuk, radia-
tion in the Bragg-Brentano parafocusing geometry. The
spectra were collected between 10 and 80° (20 range),
with an angular step of 0.02°. For the phase identifica-
tion the JC-PDF database!” and the EVA search/match
software'® were used. The XRD pattern were analysed
by means of the Topas P software.'®

Microraman spectra were collected by a Dilor Lab-
ram spectrograph. The exciting source was a HeNe laser

(632.8 nm) with a power of less than 10 mW at the
sample. The microscope was couple confocally to the
spectrograph. A 50x objective with a numerical aper-
ture NA=0.9 and a confocal hole opened at 300 um
were used. Suppression of the exciting line was obtained
with a holographic notch filter. The spectra were mea-
sured at room temperature.

SEM observations have been carried out with a
Cambridge S260 microscope equipped by EDX system.
The micrographs have been recorded at 20 kV and the
samples have been sputtered by gold.

3. Results and discussion

XRD patterns of LaFeO;, LaNig3Fey-,05, and
LaNiO; were collected after calcination treatments per-
formed at 600, 700, 800, 900 and 1000 °C. All the
observed XRD patterns presented sharp reflections,
showing that the materials are well crystallized after all
the temperature treatments. It is important to note that
even LaNigs;Fey,03; samples appeared to be mono-
phasic after the thermal treatments. This is evidence
that solid solutions of Ni and Fe in the perovskite
structure can be obtained by the preparation method
described above. Indeed, the main effect of the Ni in the
LaFeO; structure seems to be the inhibition of the
crystallites growth (see the discussion below).

For treatments at temperatures lower than 800 °C,
both LaFeO; and LaNiy3;Feq 703 materials the XRD
patterns were indexed by a cubic perovskite structure,
while for high temperature treatments (900 and 1000 °C)
small reflections characteristic of the orthorhombic
phase were detected. The patterns of the cubic and the
orthorhombic phases obtained for the LaFeO; sample
at 600 and 1000 °C are shown in Fig. 1. Similar patterns
are obtained for LaNigsFeq ;05 samples, the only dif-
ference being a shift of the reflections due to slighter
different cell parameters. Therefore we concluded that
the stable phase for the LaFe,;_,Ni,O; with x=0.3 is
the orthorhombic perovskite. This result is in agreement
with the literature,”® where the structure of
LaFe,_ Ni,O; was found to be orthorhombic for
x<0.5 and rhombohedral for higher x values, even if it
has recently been reported a rhombohedral structure for
LaNig 3Feq705.2! These contradictory results may be
due to the influence of the oxygen stoichiometry on the
phase formation. The cubic phase detected at low tem-
peratures can be ascribed to some disorder in the per-
ovskite structure. Indeed, many examples can be found
in the literature in which the high symmetry of the XRD
patterns is determined by disorder effects.?>23

In Fig. 2 the XRD patterns obtained for LaNiOj
treated at different temperatures are reported. For
clarity, the expansion of the 31-35 (20) range is shown
in the inset. In the pattern of the LaNiO; sample treated
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Fig. 1. XRD spectra of LaFeO; samples. XRD patterns have been collected after each calcination treatment, performed at 600, 700, 800, 900 and
1000 °C. Here only the spectra collected after the calcination treatments performed at 600 °C (a) and 1000 °C (b) are shown. All the reflections are
attributed to the cubic and the orthorhombic phases respectively. Similar patterns are obtained for LaNi, ;Fe( ;053.

at 600 °C the peaks at 13, 23 and 29.5° (260) can be
attributed to La,0,CO; (JC-PDF, card No. 481113)
while the peaks at 37.5 and 43.5°(26) indicate the segre-
gation of NiO (JC-PDF, card No.780643).

The peaks at 32.8, 47, and 58° (20) have been attrib-
uted to a cubic perovskite LaNiO3 phase, (JC-PDF card
No. 330710). From 700 to 900 °C in the diffraction
patterns only the LaNiOj; rhombohedral phase (JC-
PDF, card No. 330711) has been detected. Thus, as
reported in the literature,' the LaNiOj is stable in the
rhombohedral phase. However, we found that after the
treatment at 1000 °C the LaNiO; rhombohedral phase
partially decomposed in NiO and La4NizO;9 (JC-PDF,
card No. 831164). From these results we concluded that
the LaNiOj; is monophasic only in the range of 700-900 °C.

In Fig. 3 the difference in the shape and position of
the reflection at about 32° (26) is shown for the tree
samples heated at 600 and 1000 °C. Only for the
LaNiO; the pattern at 900 °C is reported, since at
1000 °C different phases segregated. As a reference, the
position of the reflections of the cubic (JC-PDF, card
No. 750541) and orthorhombic (JC-PDF, card No.
742203) LaFeOs3, cubic (JC-PDF, card No. 330710) and
rhombohedral (JC-PDF, card No. 330711) LaNiOj;
phases are shown.

In all the samples the temperature treatments have
two evident effects on the XRD patterns: the first is the
decreasing of the width, the second is the shift of the

peak positions. In particular, the analysis of the XRD
patterns revealed that, at a given temperature, the
reflections shifted toward larger 26 values increasing the
Ni content, thus the unit cell volume increases with the
Fe content. This has been ascribed to the larger ionic
radius of Fe compared to that of Ni. The linear behavior
of the lattice parameters as a function of sample stoichio-
metry, calculated in the approximation of pseudo-cubic
structures by using the five most intense XRD reflections,
is totally in accord with Provendier et al. results.!?

Besides, for the samples with the same stoichiometry
it is evident a peak shift, when the temperature of the
treatment increases. In Fig. 4 the behavior of normal-
ised volumes of the perovskite phases as a function of
the thermal treatment is shown and compared with the
literature results.!>2%24 On the contrary of what expec-
ted the volume of cubic phases for all the samples
decreased with the temperature of the treatment, prob-
ably because of the diffusion of defects and recrystalli-
zation processes that finally determine the phase
transformation. When the stable phase is achieved (i.e.
orthorhombic for the LaFeO; and LaNig3;Fey ;05 and
rhombohedral for LaNiOj3) the normalised volumes are
constant respect to the thermal treatments. All the
volumes of the samples discussed in this paper are
slightly larger than those reported in the literature. The
origin of these differences may be the high density of
defects introduced by the synthesis method.
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Fig. 2. XRD spectra of LaNiO3 samples. XRD patterns have been collected after each calcination treatment, performed at (from the bottom) 600,
700, 800, 900 and 1000 °C. For clarity, in the inset the expansion of the 31-35 (26) range is shown. As a reference, the LaNiO3 (JC-PDF, card No.
330711) pattern is also reported by means of vertical bars. At 600 °C the peaks at 13, 23 and 29.5° (26) can be attributed to La,0,CO; (JC-PDF,
card No. 481113) (+). The peaks at 37.5 and 43.5° (26) indicate the segregation of NiO (JC-PDF, card No. 780643) (°). The peaks at 32.8, 47 and
58° (260) have been attributed to a LaNiO; cubic phase (JC-PDF, card No. 330710). At 1000 °C the peaks at 25.5, 32 and 42° (20) can be attributed to

the LayNiz;O,9 (JC-PDF, card No. 831164) (*) phase.

The evolution with temperature of the average crys-
talline size of the LaMO; phases calculated by the
Sherrer equation from the reflection width are shown in
Fig. 5. These data indicate that the crystalline sizes
increase monotonically with the calcination treatments.
For each temperature treatment, the crystalline sizes of
samples LaFeO; are the largest with exception of the
sample treated at 800 °C. The great increment of the
LaNiOj size at 800 °C may be related to the second order
transformation from cubic to rhombohedral LaNiOj
phase. Indeed, also for LaFeO5 and LaNij 3Fej ;03 sam-
ples the largest increment in the crystalline size corre-
spond to the second order phase transition from cubic to
orthorhombic LaFeOs;, i.e. 900 °C. Moreover, the crys-
talline size of LaNij;Fe ;03 samples are always smaller
than that of LaFeO; samples. This confirms the fact that
the presence of Ni inhibits the crystalline growth.!°

Disorder effects due to oxygen non-stoichiometry have
been studied by means of microraman spectroscopy, that
is recognised to be sensitive to structural distortion in

the local symmetry. Thus, this technique is expected to
provide short range structural information.

Fig. 6 shows the microraman spectra of samples
annealed at 700 °C, that, by means of XRD measure-
ments, are found all monophasic with a cubic perovskite
type of structure. The intensity and lineshape of the
spectra below 200 cm~! are not reported since the data
are affected by the notch filter cutoff frequency. Even if
the long-range symmetry of the three samples is the
same, different spectra are obtained. Indeed for sym-
metry a cubic perovskite should not show any bands, as
found in the spectrum collected for LaNig3;Feq-,05. As
reported for LaGaO; doped materials,?> the bands in
the Raman spectra probably disappear because of dis-
order induced by the doping and the consequent nearly
cubic symmetry of the structure. On the contrary, the
bands detected in LaFeO; and LaNiOs point out that
the local symmetry of these phases is lower than cubic
and it is different from each other. The intense band at
about 610 cm™! can be attributed to the symmetry
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Fig. 3. XRD spectra of LaMOj3; samples, collected after the calcination treatment, performed at 600, and 1000 °C (except for the LaNiO5 sample:
the XRD reported pattern was collected after the annealing at 900 °C, because of some additional peak presence at 1000 °C, due to other segregated
phases). As a reference, the position of the reflection of the cubic (JC-PDF, card No. 750541) and orthorhombic (JC-PDF, card No. 742203) LaFeO;
and cubic (JC-PDF, card No. 330710) and rhombohedral (JC-PDF, card No. 330711) LaNiO; phase are reported by means of star, circle, filled star
and square respectively.
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Fig. 4. The cell volumes, as a function of annealing temperature for all the samples (filled symbols). As a comparison Falcon et al. ([]), Sangaletti et
al. (/) and Provendier et al. results are also considered (O). See the text.
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Fig. 5. Evolution with temperature of the average crystalline size <M > of the LaMOj; phases calculated by the Sherrer equation from the reflection
width are shown. These data indicate that the crystalline sizes increase monotonically with the calcination treatments.
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Fig. 6. Microraman spectra for all the samples annealed at 700 °C: (a) LaFeOs;, (b) LaFeO; and (c) LaFeq 7Nig 305.

stretching of the basal oxygen of the octahedra of the
ion in the B site.?¢

In Fig. 6¢ the band at 690 cm~! can be assigned to
rhombohedral LaNiO; structure.?® Thus, even if the
long-range symmetry of the three samples is the same,
locally different order has been detected. This result is very
important when considering the functional properties of

these materials that may be strongly influenced by dis-
tortions of the metal coordinations.

SEM analysis has been performed on samples
LaFeO;, LaNiFeOs, and LaNiOj after thermal treat-
ment at 600, 700, 800, 900 and 1000 °C and the mor-
phological evolution of these materials are illustrated by
the micrographs reported in Fig. 7.
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2 um

Fig. 7. SEM micrographs performed on LaFeO;, LaNij 3Fe,,0; and LaNiO; samples respectively, after thermal treatment at 600 (a), 700 (b), 800

(¢), 900 (d), and 1000 °C (e).

In all the samples the porosity increased with the
temperature of the treatment. The porosity may be
related to the phase transformation from cubic to the
orthorhombic or to rhomboedral phases for LaFeO;/
LaNig 3Fey 7,05 and LaNiO; respectively. The presence
of the Ni in the structure seems to favor the granular
morphology.

4. Conclusions
The samples were prepared by wet method without
nitrate precursors. The main results of the characterization

are the following:

e Forlow temperature treatment a cubic perovskite
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phase is formed for LaFeOs, LaNij3Fep 7,03 and
LaNiOj. The differences in the cell parameter
may be related to the larger ionic radius of Fe
compared to that of Ni.

e The recrystallization of the materials in the stable
phase (orthorhombic for LaFeOs/LaNig 3Feq 705
and rhomboedral for LaNiOsj) is related to a
large increment in the crystalline size.

e The microraman spectroscopy shows that, on the
contrary of what found by XRD and reported in
the literature, the short range symmetry of the
phases of LaFeO;, LaNig3Fey,03; and LaNiO;
at 700 °C is orthorhombic, cubic and rhomboe-
dral respectively. Thus these results show that the
XRD study is not sufficient to structurally char-
acterize these materials and the spectroscopy
analysis may be important to understand their
functional properties.

e SEM micrographs allow to follow the morpho-
logical changes due to the thermal treatment.
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