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The perovskite LaNi0.6Fe0.4O3 has been prepared by the glycine–nitrate route using different amounts of glycine/
fuel ratio (G/N = 0.5, 1.0 and 1.5), in order to study the sample preparation influence on the properties in the
context of their application as a cathode contactmaterial for solid oxide fuel cells (SOFCs). The obtainedmaterials
havebeen characterizedbyX-ray diffraction, scanning electronmicroscopy, dilatometry and electrical conductiv-
itymeasurements. All the compounds have rhombohedral symmetry and a porousmicrostructurewithfinegrain
sizes. The sample obtained at the G/N of 1.0 hasmore suitable conductivity values for application as SOFC contact
material.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The need for a clean and efficient energy conversion is a critical tech-
nological and economic challenge. Solid oxide fuel cells (SOFCs) have a
substantial potential in the application of a clean and efficient electrical
power generation. However, the widespread utilization of SOFCs has
not been realized because the cost associated with cell fabrication,
materials and maintenance is still too high [1].

The development of new materials, as well as advanced SOFC
component fabrication techniques, is critical in reducing operation tem-
perature and subsequently in lessening the cost of these systems. Tradi-
tionally, most of these ceramic materials have been prepared from the
mixture of their constituent oxides in the so called solid state reaction,
“shake and bake” or ceramic method, a preparative route which
presents as a fundamental handicap the necessity of heating the precur-
sors at high temperature for large periods of reaction time to reach the
formation of a desired phase. Therefore, the use of such drastic experi-
mental conditions drives the formation of materials that show particles
with a relatively large size [2]. Alternative routes to the solid state
reaction method are wet chemical synthetic methods such as co-
precipitation (with oxalates, carbonates, cyanides or any other salt pre-
cursors), combustion (including all variants from low to high tempera-
ture), sol–gel (and all of its modifications with different chelating
ligands), spray-pyrolysis, and metathesis reactions. In all cases the
34 946013500.
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idea is to accelerate the pure phase formation, a goal that is achieved
due to the liquid media which permit the mixing of the elements at
the atomic level, thus resulting in lower firing temperatures [3,4].
Other advantages of these methods are the possibility of having a
controlled particle size, morphology and improvement in surface area.
Particularly, combustion methods have been proposed as one of the
most promising methods to prepare perovskite oxide powders to be
used as electrode materials in solid oxide fuel cell technology [5].

Combustion reaction is one of themost accessible, fast and low ener-
gy soft methods for the synthesis of a variety of advanced ceramics,
catalysts and nanomaterials [6,5]. Combustion synthesis (CS) methods
can be classified into three categories, on the basis of the physical nature
of reaction mixture itself: (i) flame synthesis or gas phase combustion,
(ii) heterogeneous condensed phase combustion synthesis and (iii) so-
lution combustion synthesis (SCS) [6,7]. Focusing our attention on the
SCS route, it involves a self-sustained exothermic reaction between an
oxidizer (e.g. metal nitrate) and a fuel (e.g. urea, glycine, hydrazides,
carbohydrazide). Compared with the ceramic method this synthetic
route has much faster reaction times and lower calcination tempera-
tures leading to powders with large compositional homogeneity and
nanometric particle sizes, which are desired characteristics for this
type of applications. The characteristics (including the purity, structure
and size) of the combustion synthesis oxide powders are typically
determined by several synthetic parameters, such as the species of
fuel and oxidizer reactants, the fuel/oxidizer ratio, and the subsequent
sintering treatment after combustion process [8]. The fuel to oxidizer
ratio is considered to be the most important one in varying the final
properties [9]. This parameter may influence the phase formation
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process [10], the phase structure of the products [11], the morphology
of the as-prepared powders [12], and then, the physical and chemical
properties of the materials [13].

Earlier studies have concluded that the use of cathode contact layers
improves electron transfer through the contact interface from the inter-
connect to the cathode layer [14,15]. The cathode contact material
composition is required to possess high electrical conductivity and
appropriate sintering activity to minimize the resistance of the contact
layer itself and to protect the steel substrate from excessive oxidation.
Besides, it should demonstrate an appropriate thermal expansion
behavior and high thermochemical and structural stability in the oxidiz-
ing cathode environment [16,17].

In this study LaNi0.6Fe0.4O3 is selected for its use as contact layers,
due to the adequate sintering activity, electrical conductivity, thermal
expansion coefficient (TEC), integrity and low reactivity between the
interconnect and cathode without compromising the contact resistance
of the system [14,18].

Continuing our research on La(Ni,Fe)O3 based systems, in the
present work we investigate the effect of the variation of the fuel/oxi-
dizer ratio of glycine/nitrate (G/N = 0.5, 1.0 and 1.5) on the structural,
morphological and electrical properties of the LaNi0.6Fe0.4O3 perovskite
oxide.

2. Experimental

2.1. Powder preparation

The compound LaNi0.6Fe0.4O3 was prepared by the glycine-
nitrate method starting from the reagents La(NO3)3·6H2O (N99%),
Ni(NO3)2·6H2O (98.5%) and Fe(NO3)2·9H2O (98.5%), all from
Aldrich. These metal nitrates were dissolved in distilled water. The
solutions were mixed in a 1 l glass beaker, which was put on a hot
plate, under constant stirring, to evaporate excess water. For exam-
ining the effect of combustion fuel condition on the properties of the
final powder, different combustion fuel conditions were designed by
adding different amounts of fuel. Then, the glycine was added to
obtain a glycine/nitrate molar ratio of 0.5, 1.0 and 1.5, respectively.
The resulting viscous liquid autoignited after putting the glass
beaker directly in a preheated plate (at 450 °C). The resulting pow-
ders were pelletized and calcined in air at 850 °C for 6 h to obtain
the pure sample.

2.2. Characterization techniques

Room temperature X-ray powder diffraction (XRD) data were
collected in the 18 b 2θ b 110° range with an integration time of
10 s/0.02° step using a Philips X'Pert-PRO X-ray diffractometer
Fig. 1. X-ray diffraction patternsmeasured (a) before and (b) after calcination at 850 °C for LaNi
oxidizer ratio (G / N = 0.5, 1.0 and 1.5), respectively.
with secondary beam graphite monochromated Cu–Kα radiation.
All samples were single phase without detectable impurities. The
crystal structure was refined by the Rietveld method [19] using
the GSAS software package [20].

Compositional analysis was performed on all prepared samples to
confirm that the expected elemental composition was achieved. All
metal contents were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on a Horiba Yobin Yvon
Activa spectrophotometer.

Themorphologies of the powder samples and of the sintered pellets
were observed using a scanning electronmicroscope (JEOL JSM-7000F).
Secondary electron images were taken at 20 kV and 1.1.10−11 A using a
working distance of 8 mm.

For bulk conductivity and thermal expansion (TEC) measure-
ments, pellets of powders were sintered at 1050 °C, and then, cut
in 1 × 3 × 7mm bars. The bulk density of each sample was calculated
by measuring the mass and the dimensions of the bars. The samples
had a density of around 75% of the theoretical (X-ray) density. DC
conductivity measurements were performed in air by the four-
point DC method (Thurlby Thandar Instruments 1604 digital
multimeter and Thurlby Thandar Instruments PL300 current source).
Electrical contacts weremade using Pt wires and Pt paste placed over
whole end faces ensuring a homogeneous current flow. Voltage
contacts were made as small as possible to avoid any disturbance
of the contacts on the current flow. Measurements were performed
from 300 °C to 850 °C. The conductivity (σ) was determined from a
set of V–I values by taking σ = 1 / ρ = L / A × dI / dV, where L is
the distance between voltage contacts and A is the sample cross
section. Finally, TEC measurements were carried out from room
temperature to 1000 °C in air with a heating rate of 5 °C/min by
using a Unitherm Model dilatometer.

3. Results and discussion

3.1. Structural study

Fig. 1 shows the remarkable dependence of phase constitution on
fuel condition for the combustion products depending on the glycine/
nitrate molar ratio. In the case of the LaNi0.6Fe0.4O3 sample with
stoichiometric G/N, the combustion synthesis produced a clearer and
brighter flame, and a higher reaction temperature, in comparison with
both the samples obtained under an oxidizer and fuel rich conditions,
respectively. According to this, as can be observed in the figure, for the
sample prepared using a glycine/nitrate molar ratio of 1.0, the product
obtained from combustion (as synthesized powders without applying
caltination temperature of 850 °C), is nearly a single phase and is better
crystallized compared with the other two compounds.
0.6Fe0.4O3 perovskites obtained by the glycine-nitrate route using different amounts of fuel/
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Table 1
Summary of the ICP analyses.

G/N Nominal composition Experimental composition

0.5 LaNi0.6Fe0.4O3 La0.96(2)Ni0.61(1)Fe0.40(1)O3

1.0 LaNi0.6Fe0.4O3 La1.00(2)Ni0.63(2)Fe0.40(1)O3

1.5 LaNi0.6Fe0.4O3 La0.98(2)Ni0.63(1)Fe0.41(1)O3
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Nevertheless, as shown by the X-ray diffraction patterns, the three
LaNi0.6Fe0.4O3 samples were obtained without impurities by applying
a calcination temperature of 850 °C in air during 6 h after combustion
synthesis.

Results from chemical analyses are presented in Table 1, showing a
good agreement between the analyzed chemical compositions of the
prepared powders and the nominal compositions.

Fig. 2 shows the Rietveld refinement of the XRD data for the
LaNi0.6Fe0.4O3 samples obtained after applying a calcination tempera-
ture of 850 °C. The analysis of the X-ray diffraction (XRD) data indicated
Fig. 2. Rietveld fits of the XRD data for the samples using rhombohedral R3c space group.
that the sampleswith G/N=0.5 and 1.0 crystallized as a single phase in
the rhombohedral space group R3c. For the compound with G/N 1.5,
however, the appearance of extra shoulders in the experimental profile
indicates a possible phase segregation to give two perovskite phases of
different Ni/Fe ratio. The introduction of two R3c phases improves satis-
factorily the profile fitting of this sample.

Final refined values of the structural parameters are summarized in
Table 2. A slight decrease in lattice parameters and cell volume is
observed with increasing G/N molar ratio. These obtained values are
in good agreement with reported parameters [14,21–23].

As can be seen, the average La–O, (Ni,Fe)–O and La–(Ni,Fe) bond
distances vary slowly with a small reduction of the (Ni,Fe)–O–(Ni,Fe)
angles with the increase of the G/N molar ratio. According to other
works [5], by increasing the fuel/oxidant ratio, the perovskite structure
changes to a less symmetric structure. In this case, the variation
observed seems to be due to a small change in mean ionic radius of
the B site ions (Fe3+ and Ni3+) as G/N ratio increases, due to varying
degrees of oxygen vacancies and hencemean transitionmetal oxidation
state.

3.2. Morphological study

Bevilacqua et al. [24], showed, for this composition, that the syn-
thetic route has a strong influence on the sinterability of the final
bars, indicating a different behavior of the materials during the
sintering process at high temperatures. In addition, for a particular
synthesis method, the experimental conditions used also play an
important role in the properties of the final product. In this sense,
it is well known that the fuel/oxidizer ratio may have some effects
on the power sinterability, and then, on the overall electrical proper-
ties of the electrolyte and electrode materials [5,8].

Fig. 3 shows thewell-neckedmorphology of the LaNi0.6Fe0.4O3 pow-
ders synthesized by the combustion method and calcined at 850 °C,
which are composed of nanosized particles and agglomerations of
grains. These agglomerates formed during combustion reaction are
usually soft and easy to break due to the higher volume of escaping
gases for these samples [8,10].

The SEM micrographs taken on the surface of the three samples
sintered (1050 °C during 5 h) bars are shown in Fig. 4.

The samples sintered at 1050 °C show particles of grain sizes of
about 0.3–0.4 μm. The material with stoichiometric G/N value seems
to sinter more easily with respect to the other two materials. Usually,
a smaller particle size is beneficial to sintering and results in higher
density when the sintering process is complete.

As previously mentioned, for the sample with G/N = 1.0, the
observed flame was clear and bright, with a high ignition temperature
(lower adiabatic flame temperature), which gives rise to the formation
of less agglomerates, and then, to an increase in sinterability. However,
regardless of the synthesis conditions, the porosity will decrease with
increasing sintering temperature. Consequently, in this work, the low
sintering temperature used may be a reason why the density values
obtained for the rectangular bars are low [25].

3.3. Electrical conductivity study

Fig. 5 shows the relation between log(σT) versus the inverse abso-
lute temperature. The electronic conductivity of LaNixFe1 − xO3 series
with x ≤0.6, can be described by the thermally activated small polaron
mechanism [24,26] which is generally expressed as:

σ ¼ A
T
� exp − Ea

kT

� �
ð1Þ

in which Ea is the activation energy for small polaron hopping conduc-
tion, k is the Boltzmann constant, T is the absolute temperature and A
is a pre-exponential factor. Before making comparisons between the
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Table 2
Structural parameters obtained by Rietveld refinement.

G/N 0.5 1.0 1.5 Rhombohedral

Symmetry Rhombohedral Rhombohedral

Space group R3c R3c R3c (wt. frac. = 0.59) R3c (wt. frac. = 0.41)

a (Å) 5.508 (1) 5.507 (1) 5.529 (2) 5.491 (2)
c (Å) 13.335 (2) 13.298 (2) 13.280 (3) 13.265 (2)
V / Z (Å3) 350.3 (1) 349.2 (1) 351.6 (3) 346.4 (2)
ρthe·(g/cm3)a 6.952 6.974 6.927 7.032
Uiso(La) 1.12 (2) 1.52 (1) 1.60 (4) 2.70 (4)
Uiso(Ni,Fe) 1.62 (2) 0.58 (1) 2.12 (4) 2.75 (4)
O x 0.467 (4) 0.453 (3) 0.451 (4) 0.447 (4)
Uiso(O) 2.12 (2) 1.95 (2) 2.44 (4) 2.54 (4)
La–(Ni,Fe) (x2) (Å) 3.334 (1) 3.325 (1) 3.320 (1) 3.316 (1)
La–(Ni,Fe) (x6) (Å) 3.368 (1) 3.367 (1) 3.379 (1) 3.357 (1)
bLa–(Ni,Fe)N (Å) 3.360 (1) 3.356 (1) 3.364 (1) 3.347 (1)
La–O (x3) (Å) 2.936 (2) 3.012 (2) 3.040 (3) 3.040 (3)
La–O (x3) (Å) 2.572 (2) 2.495 (2) 2.490 (3) 2.450 (3)
La–O (x6) (Å) 2.739 (1) 2.740 (1) 2.742 (3) 2.736 (3)
bLa–ON 2.746 (1) 2.747 (1) 2.753 (3) 2.740 (3)
(Ni,Fe)–O (x6) (Å) 1.948 (1) 1.955 (1) 1.961 (3) 1.954 (3)
(Ni,Fe)–O–(Ni,Fe) (°) 169.3 (1) 164.8 (1) 164.0 (2) 162.8 (2)
χ2 1.09 1.08 1.12

a Assuming stoichiometric oxygen content.
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electrical conductivity values obtained from the four-probe DC mea-
surements, the porosity of the samples (24, 23 and 28% for the bars
with G/N= 0.5, 1.0 and 1.5, respectively) and its effect on the electrical
conductivitymust bementioned. The incorporation of pores significant-
ly degrades the electrical characteristics of thematerial [27]. As has been
observed by other authors [26,28], as the porosity in the specimen
increases the contact points between the two neighboring grains or
interconnectivity between the grains decrease and this results in a
decrease in the conductivity of the specimen.

As can be observed, at the same calcination temperature, the
material obtained with G/N = 1.0 shows the higher specific con-
ductivity. Therefore the preparation route has an important influ-
Fig. 3. SEM images for the combustion-synthesized LNF after a sinter

Fig. 4. SEM micrographs taken on the surface of the La
ence on the electrical properties of the obtained materials. This
result consisted of the morphological analysis previously reported
which indicates that this material (LaNi0.6Fe0.4O3; G/N = 1.0)
seems to be better sintered. Table 3 lists the electrical conductivity
obtained for the sintered samples at 600, 700 and 800 °C and the
geometrical and relative density calculated for the pellets.

The conductivity values obtained for the present compounds are
not directly comparable with the literature conductivity data for
LaNi0.6Fe0.4O3 materials [14,24,25,29] because these results are
obtained on samples prepared using different chemical routes and/
or calcined at different temperatures from ours. Overall, the conduc-
tivity values obtained in this work are adequate for the contact layer
ing treatment at 850 °C, as obtained at different fuel conditions.

Ni0.6Fe0.4O3 pellets sintered at 1050 °C during 5 h.
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Fig. 5. Arrhenius plot of LaNi0.6Fe0.4O3 perovskites as a function of temperature.
Fig. 6. Thermal expansion behavior of LaNi0.6Fe0.4O3 perovskites obtained by the glycine-
nitrate route using different amounts of fuel/oxidizer ratio (G / N = 0.5, 1.0 and 1.5).
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application in IT-SOFCs, despite having low values of density (see
Table 3).

The activation energy obtained from the Arrhenius plots for all com-
pounds is 0.02 eV, in good agreement with the previously reported
value [14].
3.4. Thermal expansion study

In order to determine the mechanical compatibility of the three
cathode contact materials with the other cell components, thermal
expansion measurements on rectangular bars were carried out in air
atmosphere. Fig. 6 shows the thermal expansion curves of the samples
obtained upon heating from 200 to 1000 °C.

The thermal expansion curves were fitted by two straight lines. The
change in slope observed in high temperature range in the thermal
expansion behavior is considered to be due to loss of lattice oxygen
and the formation of oxygen vacancies [30,31].

The value of the average linear thermal expansion coefficient of the
samples is given in Table 3 for the different temperature ranges.

As can be observed, the TEC values increase slightly with an increase
in the G/N molar ratio in the temperature range studied, with the most
significant change for the G/N= 1.5 sample, which appeared to contain
two closely related perovskite phases. Further studies of the variation of
density on the properties of the material [25,32], indicate that the
obtained density after sintering only has a negligible influence on TEC
of the samples. Consequently, it is possible to say that the TEC values
obtained match with those of the cathode and interconnect materials
[33,34].
Table 3
Electrical conductivity values at different temperatures, activation energy, geometrical
and relative density of the pellets, and average TEC values in different temperature ranges
for LaNi0.6Fe0.4O3 perovskites prepared using glycine/nitrate molar ratios of 0.5, 1.0 and
1.5.

G/N 0.5 1.0 1.5

σ(600 °C) (S/cm) 362 387 301
σ(700 °C) (S/cm) 250 373 291
σ(800 °C) (S/cm) 239 360 279
Ea (eV) 0.02 0.02 0.02
ρexp (g·cm−3) 5.30 5.34 5.03
ρexp/ρthe 0.76 0.77 0.72
Average TEC(200–600 °C) (1.10−6 °C−1) 15.26 15.81 17.22
Average TEC(600–1000 °C) (1.10−6 °C−1) 11.93 12.43 12.52
4. Conclusions

Three LaNi0.6Fe0.4O3 compounds have been obtained by glycine-
nitrate method varying the fuel/oxidizer ratio (G/N = 0.5, 1.0 and 1.5)
in order to study the effect on the structure, morphological and electri-
cal properties. At room temperature, all compounds have rhombohedral
symmetry (S.G.: R3c). A slight structure change to a less symmetric
structure of the perovskite by increasing the fuel/oxidant ratio has
been observed. The compound obtained with stoichiometric G/N value
presents themost suitable characteristics as a cathode contact material:
better sinterability, higher values of electrical conductivity and suitable
value of TEC. Therefore, it can be concluded that the glycine-nitrate pro-
cess, with an optimal G/N ratio of 1.0, is a more appropriate technique
for preparing a promising LaNi0.6Fe0.4O3 candidate cathode contact
material for IT-SOFC applications.
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