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Abstract Our contribution has focused on the synthesis
and characterization of nickel-containing LaAlO; perov-
skite, LaAl; _,Ni,O3_; (0 < x < 0.6) by a co-precipitation
method. Nano-powders were successfully synthesized
using nitrate salts of lanthanum, aluminium and nickel as
cations precursors and sodium hydroxide such as base
precipitant by this method and calcined at low tempera-
tures. They were characterized by several techniques:
Fourier transform infrared spectroscopy, thermogravimet-
ric and differential thermal analysis (TGA/DTA), X-ray
diffraction (XRD), scanning electron microscopy and
electrochemical measurements. Thermal analysis shows
that the crystallization temperature of the La (Al, Ni) O;_;
precursor gels are estimated as 780 °C by TG-DTA. The
XRD patterns of the precursor gels calcined at 700 °C for
6 h have a perovskite structure and the presence of crys-
talline impurities is not found. The microstructure and
morphology of the compounds show that the particles are
nearly spherical in shape and are partially agglomerated.
Electrochemical measurements indicate that the catalytic
activity is strongly influenced by lanthanum doping. The
highest electrode performance is achieved with large nickel
content.
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1 Introduction

To search for a new electrolyte with higher ionic conduc-
tivity and better stability perovskite-type oxides (ABOj)
have received much attention because this unique crystal
structure is very tolerant of various sizes of cations at both
A- and B-cation sublattices. Thus, aliovalent cations can be
dissolved in both A- and B-site cation sublattices. Conse-
quently, oxygen vacancies are generated to compensate the
charge of substituting ions. Several oxides with perovskite
structures have been studied. Among them, LaGaO; based
oxides [1-7] have been extensively investigated for use as
the electrolyte materials for intermediate-temperature
(<800 °C) SOFCs.

However, the high cost of gallium compounds and their
low mechanical strength are the main obstacles for using
LaGaOj; based solid electrolytes in SOFC applications.
Therefore, the replacement of Ga with inexpensive ele-
ment, such as Al, is highly desirable. It was found that rare-
earth aluminates exhibit ionic conduction. The conductiv-
ity of LaAlO; was significantly affected by the addition of
aliovalent cations [8—19]. The possibility of using alumi-
nate-based materials as electrolytes for SOFC has also been
suggested by Iwahara and co-workers [17]. Regardless of
the intrinsic properties and the final use of a given perov-
skite composition, the synthesis of a powder with well
defined physical characteristics is the first important step in
its successful application.

In recent years, extensive investigations have been per-
formed for preparing finer and more homogeneous powders
of pure and substituted LaAlO; at lower temperatures using
various chemical processes. The series of La;_,M,AlO3
(M = Na, K, Ca, Ba, x = 0.1) and LaAl; _ M,03 (M = Li,
Mg, x = 0.1) perovskite-type catalysts were prepared from
citrate precursors [20] and calcined at 800 °C for 5 h.
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Spinicci et al. [21] have reported that La;_,M,AlO;
(M = Ca, Ba) oxides exhibited a rhombohedral perovskite
structure. Furthermore Ciambelli et al. [22] have obtained
pure LaAl;_,Fe, O3 (0 < x < 1) powders by calcining the
precursors at 800 °C for 5 h, via citrate method [20].

Moreover the formation of the solid solutions of LaAl; _,
Mn, O3 (x = 0.0-1.0) using the citrate method have been
studied by Cimino et al. [23]. Recently, a sol-gel method
was proposed to produce pure LaAl,_,Ni,O;_s powders
[24, 25], by calcining the precursors at 750 °C for 4 h, using
the propionic acid as the solvent, with x values varying from
0 to 1 with 0.2 intervals following the method developed in
[26]; the critical point of this method is the decomposition of
nitrate anions with violent NO, production which is espe-
cially observed in large scale preparations during the evap-
oration 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.

Unfortunately, all these methods are either complex or
expensive, which limited their large scale applications.
Chemical coprecipitation route is a simple method for
synthesizing nanopowders [27].

In the present study, the goal of this work is to use, an
efficient process for perovskite powder production through
low calcination temperature but yielding high purity of
perovskite phase. Nickel containing LaAlOj perovskite of
the general formula LaAl,_,Ni,O3_s5, x values varying
from O to 0.6 with a 0.1 step have been successfully syn-
thesized by coprecipitation route from metal nitrate salt as
cations precursors and mixture of sodium hydroxide such
as base precipitant at 700 °C for 6 h. The preparation
technique, thermal behavior, crystal structure, crystallite
size, electrochemical properties, behavior of the low-tem-
perature synthesized LaAl,_,Ni,O;_s nanopowders have
been investigated in detail.

2 Experimental Procedure
2.1 Synthesis of Perovskite-Type Oxides

A series of the perovskite-type LaAl; Ni,O;_s com-
pounds with x =0-0.6 were synthesized by the
co-precipitation method. Aqueous solutions of La(NO;);-
6H,0, AI(NOj3);-6H,O and Ni(NOs3),-6H,O with the
desired Al/Ni ratio were mixed and precipitated with
NaOH. In all cases, after the reaction was completed, the
precipitates were washed with distilled water and ethanol
for several times, dried overnight at 110 °C to obtain the
dry precursors by evaporating the solvent, then the pre-
cursors obtained were ground into powders and heat-
treated from 700 °C in air for 6 h, at a heating rate of
5°C/min.

2.2 Characterization Techniques

The thermal decomposition processes of the precursor gels
were studied in air atmosphere by thermogravimetric and
differential thermal analyses TG/DTA using a LINSEIS
STA PT1600 at a heating rate of 10 °C/min in air. The
Fourier transform infrared (FT-IR) absorption spectra were
recorded using FT-IR SHIMADZU 8400S spectrometer.
X-ray diffraction (XRD) patterns were carried out with a
D8 ADVANCE-BRUCKER using a Cu K, radiation
(Mo = 1.54056 A) and a Ni filter. The powder samples
were mounted on a flat XRD plate and scanned at room
temperature in the range 10°-90° to identify the crystalline
phases present in the calcined powders by comparison with
Joint Committee on Powder Diffraction Standards (JCPDS)
files. Scanning electron microscopy (SEM) was used to
examine the particle morphology of the perovskite using a
JEOL scanning electron microscope (Model JISM6390LV).
The electrochemical experiments for O, reduction and
evolution were performed using a Volta Lab 40 potentio-
stat/galvanostat. The measurements were carried out in a
three-compartment cell. Potassium hydroxide electrolyte
solution (1 M) was prepared by dissolving the required
amount of KOH (Merck) into bidistilled water. The working
electrodes (1 cm?) were obtained by painting; with an oxide
suspension. The counter electrode used was a Pt plate. The
reference electrode was Hg/HgO/1 M KOH. All potentials
in the text have been referred to this reference electrode.

3 Results and Discussion

3.1 Thermal Behavior and Phase Formation
of the LaAlj gNiy,05_s Precursor

Figure 1, illustrates the TG/DTA curves of the LaAljg
Nip,03_; precursor heated at a rate of 10 °C/min in the
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Fig. 1 DTA/TG curves of the LaAlygNip,03_s precursor powders
with a heating rate of 10 °C/min
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temperature range between 25 and 1,000 °C in static air.
The TG curve shows the first weight loss below 140 °C
(—9.09 %) corresponds to adsorbed and chemisorbed water.
The second weight loss between 140 and 320 °C (—20.45 %)
can be ascribed to the decomposition and burnout of most
sodium nitrate in the precursor powder, in agreement with
previous reports [28, 29]. The third weight loss (—50 %)
between 320 and 520 °C is mostly due to the formation of
oxides of La, Al and Ni by dehydration of the lanthanum,
aluminium and nickel hydroxides, this result agrees with
results reported by others authors [29-33]. The weight loss
(—15.91 %) between 520 and 760 °C with a clear plateau is
may be attributed to the rearrangement of these oxides to the
perovskite LaAlygNip,03_s, in accordance with the XRD
results (Fig. 7). The final weight loss (—4.54 %) between
760 and 780 °C is probably due to the removal of residual
nitrates, as confirmed by FT-IR analysis (Fig. 3). The ther-
mal decomposition behaviour is associated with endothermic
and exothermic effects in the DTA curve shows in Fig. 1 also
reveals that the first decomposition step assignable to
removal of adsorbed and chemisorbed water is indicated by a
broad endothermic peak below 140 °C. One weak exother-
mic peak at about 320 °C is attributed to the decomposition
of lanthanum aluminium and nickel hydroxides. The sharp
exothermic peak at 780 °C is due to the formation of the
LaAly gNig,05_ crystallization. This latter sharp exother-
mic peak attributable to the formation of the oxide was also
found for LaAlO; synthesized through the coprecipitation
route [34, 35].

3.2 Infrared Spectra

IR analysis of synthesized samples is important both for the
control of the reaction process and the properties of
materials obtained. The infrared spectra of the LaAl,_,
Ni,O;_s samples (Fig.2) are presented in the
700-4,000 cm ™" region of the IR spectrum. Two strong
absorption bands were observed around 670 and 447 cm ™"
The higher frequency band around 670 cm ™" was assigned
to the M-O stretching vibration mode (possible La-O,
Al-O or Ni-O stretching frequencies vibrations), which
involves the internal motion of a change in M-O bond
length and the lower frequency band around 447 cm™'
corresponds to the bending mode which is sensitive to a
change in the M—O-M bond angle (M = Al or Ni). These
two bands are related to the environment surrounding the
MOy octahedral in the ABOj3 perovskite [36].

No specific peaks of inorganic residues were observed
suggesting the high purity of the resulting powders. These
results are in accordance with the XRD analysis (Fig. 4)
which confirmed the formation of only crystalline phase in
LaAl; _,Ni,O3;_; nanopowders. The FT-IR spectra for
x = 0-0.6 show similar patterns. Moreover, it should be
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Fig. 2 FT-IR absorption spectra of the LaAl;_,Ni,O3_s perovskites
(0 < x < 0.6) samples calcined at 700 °C
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Fig. 3 Infrared spectra of the LaAlygNip,05_s powder sample
calcined at different temperatures

observed that the bands related to metal oxygen bonds at
447-420, 670-643 cm™! broaden when nickel is added to
the perovskite in accordance with the XRD results (Fig. 5).
This supposed to be a result of two different crystallo-
graphic positions of B cations existing in the rhombohed-
rally-distorted perovskite lattice. Similar tendency have
been found previously for samples with La;_,Ca,CoO3
[37], LaCo,Fe,_,O5 and LaNi,Fe;_, 05 oxides [38].
Figure 3, shows the infrared spectra of the LaAlyg
Nip,03_; precursor powders, heated at various tempera-
tures for 6 h. A broad absorption in the spectrum of the
precursor powder at around 3,400 cm™" at 500-700 °C are
probably related to the stretching vibration of the free
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hydroxyl group which indicates also the presence of
adsorbed water [39]. However, the relatively strong bands
at 1,480-1,390 cm™' are due to the stretch vibrations in
NO;~ [40, 41]. These bands disappear with increasing
temperature, suggesting the decomposition of the residual
material of the synthesis process. These results are in
agreement with the TG/DTG curves. In the 700400 cm ™"
region of the IR spectrum, two specific observed bands at
about 670 and 447 cm ™' may be attributed to the charac-
teristic M—O vibrations [42, 43]. At T > 700 °C, they are
the only distinguishable transmittance bands detected in the
specimen [36, 43] in accordance with the XRD results
(Fig. 7) which confirmed the formation of only crystalline
phase in LaAljgNip,03_s nanopowders.

3.3 Phase Characterization of the LaAl;_,Ni, O3_s
Catalysts Powders

The XRD patterns of the catalysts powders LaAl; _,Ni,O3_s
(0 < x < 0.6) obtained by co-precipitation route after cal-
cination at 700 °C for 6 h summarized in Fig. 4, were
compared to the relevant data in the Data Bank available in
the diffractometer. The results reveal that all LaAl;_,Ni,
O;_s samples are perovskite-type structure with no detect-
able secondary phase; therefore, all the main diffraction
peaks could be indexed in the rhombohedral system. They
are in excellent accord with JCPDS card 31-0022. This
result indicates that the perovskite structure is well main-
tained after substitution.

Moreover, powders prepared by the co-precipitation
method with x values varying from 0 to 0.6 with 0.1
intervals exhibited similar structure compared to the same
powders prepared by the sol-gel methodology [24, 25].
The LaAl,_,Ni, O;_; samples show the same X-ray pattern
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Fig. 4 X-ray diffraction patterns of perovskite samples LaAl;_
Ni,0;_5 (0 < x <06)

of LaAlO;. However, the structure peaks shift regularly
with increasing x values. An enlargement of the area in the
XRD diagram for 20 between 33.1° and 33.5° shows this
progressive shift for the most intensive diffraction peak
(110) of LaAl;_,Ni,O3_; structures (Fig. 5).

The lattice parameters of the perovskites LaAl;_,Ni,
0O;_s were calculated for each x value from the XRD
patterns using Celref programme. The values of a and
c cell parameters (A) versus the degree of substitution x are
summarized in Table 1. We observe that both parameters
increase with increasing Ni content in the samples, this
feature is explained considering that smaller AI** ions are
substituted by bigger Ni species in the octahedral sites of
the perovskite frame work (ionic radius of APP* (CN: XI)
and Ni?* (CN: XI) are equal to 0.54 and 0.72 A (Low-spin)
respectively [43]. The observed linear expansion of the unit
cell volume V with x is shown in Fig. 6. It follows Ve-
gard’s law that defines solid solutions, that is to say, they
show a linear variation with respect to the substitution
degree, confirming the solid solution formation. A similar
observation was found in LaAl;_,Fe Oz and LaNi;_,Co,
O3 systems (0 < x < 1) [22, 44].

Figure 7, illustrates the XRD patterns of the LaAlyg
Nip,03_s powders calcined at different temperatures for
6 h. The XRD patterns of the LaAl,gNip,03_5 powders
calcined at 500 and 600 °C for 6 h reveal that the crys-
talline phase is the thombohedral with poor crystallinity,
the La,O; (JCPDS 01-074-2430) phase is detected and no
reflections from Al,O; and NiO are observed as distinct
intermediate phases to the formation of LaAlygNig,05_s
during the thermal decomposition of the precursor powders
even at 1,000 °C. The precursor powders calcined at
700-1,000 °C show good crystallinity of the rhombohedral
structure of LaAlygNig,03_s5. These XRD peaks confirm
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Fig. 5 Evolution of the position of the highest X-ray diffraction peak
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Table 1 Lattice parameters for LaAl;_,Ni,O;_s

Ni content x a=b(A) c(A) V (A)
0 5.3640 13.1100 326.671
0.1 5.3685 13.1171 326.885
0.2 5.3695 13.1183 327.569
0.3 5.3739 13.1193 327.856
0.4 5.3764 13.1199 328.186
0.5 5.3806 13.1640 329.301
0.6 5.3817 13.2029 330.180
330 .
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—_ | }
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Fig. 6 Lattice volume dependence on nickel content (x) for
LaAl,_,Ni,O5_5
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Fig. 7 XRD patterns of the LaAlygNip,05_s powder calcined at

different temperatures: (a) La,Os; (p) rhombohedral phase

that all samples maintain the perovskite-like structure as all
they were identified with the JCPDS file 31 0022. More-
over, these results reconfirm also that the exothermic peak

@ Springer

of Fig. 1 at 780 °C is due to the formation of the
LaAlg gNig,03_s perovskite oxide.

The difference in the crystallization temperature of
LaAlygNip,0O5_5 as observed in DTA and XRD could be
caused to the difference in heating schedule from the two
samples. While XRD Pattern was recorded on samples
which were held for 6 h at 700 °C, the DTA was done
without any isothermal hold. Thus the isothermal hold at
700 °C has accelerated the transformation to LaAlgg
Nip,03_;5 at lower temperature. A similar situation has
been reported also for LaAlO; prepared by EDTA,
co-precipitation routes and LaCoO; prepared by mecha-
nochemical activation method [31, 35, 45-47]. With
increasing heating, the diffraction peaks become stronger
and sharper reflecting greater crystallization.

3.4 Structural and Morphological Characterization

The average crystallite size (D) was evaluated from the
broadening of the XRD line width by applying the Scher-
er’s formula (Fig. 8). It is observed that crystallite size
decreases with increasing nickel content. This is probably
due to the incorporation of Ni*" into the LaAlO; lattice
which leads to the crystallite decrease. Similar tendency
has been found previously for La;_,Sr,MnOj; samples
synthesized by coprecipitation of precursor acetates [48]
and LaCo;_,Ru,O3 [49] prepared by Pechini sol-gel
method.

The SEM micrographs of the LaAl,_,Ni,O;_s com-
pounds are shown in Fig. 9. The micrographs indicate
clearly that the shape remains similar which the samples
particles are nearly spherical in shape and the powders are
partially agglomerated. The average grain sizes of the
powders are approximately 0.14-0.27 um. The formation
of agglomerate is probably due to the nature of the solvent
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Fig. 8 Crystallite size of LaAl;_Ni,O;_s powders (0 < x < 0.6)
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«Fig. 9 SEM micrographs of LaAl;_,Ni,O;_:a x=0, b x=0.1,
cx=02,dx=03,ex=04,fx=0.5and g x = 0.6, calcined at
700 °C
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Fig. 10 The i—E polarization curves of oxygen reduction for
LaAl,_Ni,O5_s electrodes in 1 M KOH
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Fig. 11 The i—E polarization curves of oxygen evolution for
LaAl;_,NiO5_; electrodes in 1 M KOH

used in the preparation of the precipitate. The same result
was also found for samarium-doped ceria powders [50] and
La,_,Ca,AlO;5 oxides [51]. It has been shown that treating
the precipitate with water and ethanol allows interactions
between particles which leads during drying to the for-
mation of chemical bonds.

3.5 Electrochemical Properties
The electrochemical activity for oxygen reduction and

evolution reactions was investigated on LaAl;_,Ni Oz_s
coated nickel substrate. The critical properties to consider

@ Springer

when choosing an electrocatalyst support include its elec-
trical conductivity surface area macromorphology micro-
structure corrosion resistance and cost [52]. The substrate
of nickel satisfies these criteria and is often used in liter-
ature [53, 54]. Polarization studies under potentiostatic
conditions were carried out. Figures 10 and 11 depict the
cathodic and anodic current—potential curves of air elec-
trode with different substitutions of nickel. The coated
electrode films showed good adherence during polariza-
tion. The voltammetric profile is rather featureless, show-
ing a wide plateau region see Figs. 10 and 11. It is clear
that the coated perovskite electrodes present a wide range
of electrochemical stability and a composition dependency
of the current intensity. Electrode reactions over the sur-
face of the oxides exhibit high currents. Compounds with
large x values show higher cathodic and anodic currents
than those with smaller x. Compared to all compositions,
the LaAly4Nip¢O3_s one appears to be the most active.
Nickel, a trivalent cation increases the catalytic activity and
provides a catalyst with high structural stability due to the
essential role of the transition metal ion in developing
highly active catalysts. At the same voltage, the highest
electrode performance is achieved for oxygen reduction
and evolution with x = 0.6.

4 Conclusions

The co-precipitation method was successfully used for the
synthesis of single phase for all LaAl,_,Ni,O;_s powders,
employing nitrate salts of lanthanum, aluminium and
nickel as cations precursors and mixture of sodium
hydroxide such as base precipitant, at a relatively low
temperature. The decomposition of the precursor hydrox-
ides at 700 °C for 6 h, leads to the formation of phase pure
perovskite with no detectable secondary phase as con-
firmed by XRD and FT-IR.

The microstructure and morphology of the compounds
show that the samples particles are nearly spherical in
shape and the powders are partially agglomerated. Com-
pared to all studied compositions, LaAly4Nip¢O3_s elec-
trode exhibits significantly greater electroactivity,
indicating that this material is among the analyzed series
the best electrocatalyst for oxygen reduction and evolution.
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