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Abstract

Lanthanum chromite-based materials have a good prospect for use in various high temperature applications, as well as an SOFC
separator. A citrate–nitrate gel combustion reaction was used for the preparation of submicron crystalline strontium-substituted lanthanum

Ž .chromite LSC . The effect of the fuel-oxidant molar ratio and sample form prior to combustion was investigated in terms of reaction
period, phase formation, particle size, morphology and agglomerate formation. Several characterization methods including scanning
electron microscopy, mercury porosimetry, BET measurement, X-ray powder diffraction and thermal analysis were used to evaluate the

Ž .influence of reaction mixture packing on powder characteristics for different citrate–nitrate crn ratios. It was shown that the reaction
period depends on the fuelroxidant ratio and reaction mixture packing. The LSC powders prepared via the combustion route exhibited
surface areas of about 12 m2rg for the loose packed layer prepared samples and 7 to 11 m2rg for samples prepared from a pellet. The
nature of the agglomerates was studied from the pore size distribution in the green compacts pressed at different pressures. The sintering
behaviour of powders and some of the electrical properties of sintered samples are reported. Sintering tests on LSC powders prepared via
the combustion route showed that the sintering process started at about 9008C and proceeded in two steps in the presence of a liquid
phase. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lanthanum chromite is of interest use as material for
high temperature applications, including the interconnect
in solid oxide fuel cells and electronic conductors for
heating elements, due to its chemical stability at elevated
temperatures and electrical properties. However, lan-
thanum chromite-based materials are difficult to fabricate
into a dense gas-tight separator between the electrodes.
The most significant influence on their densification can

Žbe achieved by substitution of alkaline earth elements Mg,
.Ca, Sr for a fraction of A or B lattice sites in the

perovskite structure, and also by using fine reactive pow-
w xder 1 . Doping elements decrease evaporation of chromium

oxide or form a liquid phase with chromite during sinter-
w xing, and influence electrical conductivity as well 2 . Some

difficulties with the interconnect formation can be dimin-
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Ž .ished if the powder particles are small -1 m . Good
sinterability may be achieved when nonagglomerated pow-
ders are employed or the preparation procedure is such that
weak agglomerates are formed. Hard and dense agglomer-
ates in ceramic powders usually result in large interag-

w xglomerate pores after sintering 3 .
Preparation of complex metal oxides is traditionally

carried out by solid state synthesis, i.e., the ‘‘calcining’’
method. Several synthetic techniques are available for the
preparation of multicomponent oxides, e.g., the solid-solu-

w x w xtion-precursor method 4 , sol–gel synthesis 5 , co-precipi-
w x w xtation 6 , and spray drying 16 . Each method has its own

characteristic compositional homogeneity, powder mor-
phology and degree of agglomeration. Combustion synthe-
sis is also an important and promising powder preparative
technique due to its low energy and time consumption. The
critical factors of combustion synthesis are the fuelroxi-
dant ratio and sample packing prior to ignition; these
determine the temperature and reaction time, control the
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degree of conversion, phase formation, particle morphol-
ogy and the nature of the agglomerates. The exothermic
effect during fuel and nitrate decomposition is accompa-
nied by a large gas release that prevents hard agglomerate
formation. Combustion synthesis that employs some explo-
sive mixtures such as nitrates with urea or glycine nor-
mally requires specialized apparatus and only small
amounts of the product can be prepared. The citrate–nitrate
gel combustion reactions are more controllable due to their
much less severe exothermic reactions, allowing prepara-
tion of larger amounts of the product.

In the present contribution for the different fuel oxidant
ratios, we describe the influence of sample form prior to
combustion on the reaction period, powder characteristics,
phase formation and degree of conversion for strontium
substituted lanthanum chromite prepared by citrate–nitrate

w xgel combustion synthesis. Roy et al. 7 derived the applied
w xmethod from the citrate-gel precursor synthesis 8 .

2. Experimental method

Samples with nominal composition La Sr CrO0.7 0.3 3
Ž .LSC were prepared by combustion synthesis of citrate–
nitrate gel. In the combustion method, the starting materi-

Ž . Ž .als analytical reagent grade were La NO P9H O,3 3 2
Ž . Ž .Cr NO P6H O and Sr NO . They were mixed in an3 3 2 3 2

appropriate molar ratio, dissolved in a minimum quantity
of water and 2.9 M citric acid solution was added. The

Ž .citrate–nitrate crn ratios in the reaction mixtures were
0.28, 0.23 and 0.18. The dish was kept over a water bath at

Ž .608C under vacuum 20 mm Hg until the solution trans-
formed into a dark violet gel. To study the influence of the
sample packing prior to combustion synthesis, the gels
were prepared in two different ways: one part of the gel as

Ž .a loose packed layer height;5 mm while the other was
Ž . Žunaxially pressed 17 MPa into a pellet 27 mm in

3.diameter, height 15 mm, rs1.7 grcm . The samples
were placed in an Al O crucible and heated until they2 3

autoignited to give lanthanum chromite powders. The reac-
tion period was measured. The reaction mixture composi-
tions and preparation conditions are summarised in Table
1.

Table 1
Samples preparation conditions

aSample crn Sample packing prior combustion

A 0.18 loose packed layer
B 0.23 loose packed layer
C 0.28 loose packed layer
A1 0.18 pellet
B1 0.23 pellet
C1 0.28 pellet

aCitraternitrate ratio.

Table 2
Specific surface area and reaction period for all samples

2Ž . Ž .Sample Reaction period s SSA m rg

A 6 11.74
B 8 12.09
C 60 12.52
A1 20 7.21
B1 34 8.13
C1 87 10.45

Samples were characterized by the X-ray powder
diffraction technique using a Philips PW-1710 apparatus.
Data were collected in the range from 58 to 658 2Q in
steps of 0.038 for 1 srstep. TG analysis was performed on
a NETZSCH STA 904C. A Perkin Elmer Sorptometer
212D was used to determine specific surface areas by the
BET method. Samples were unaxially pressed at 70 and

Ž300 MPa and analyzed by SEM Scanning Electron Micro-
. Žscope, Jeol T300 and mercury porosimetry Micromeritics

.9310 . Some samples were milled for 30 min in an agate
ball mill; d was determined using an 850 CILAS ALCA-50

TEL granulometer. Shrinkage during sintering of some
samples was measured by a LEITZ WETZLAR heating
microscope. AC impedance measurements of sintered sam-

Fig. 1. SEM micrographs of all samples pressed at 300 MPa.
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Žples were carried out using an impedance analyzer Hewlett
.Packard 4284A over the frequency range from 20 Hz to 1

MHz for a temperature range from 30 to 10008C in the
atmosphere of static air.

Ž . Ž . Ž .Fig. 2. Pore size frequency distribution of samples prepared in the layer form pressed at a 70 MPa and b 300 MPa, and in the pellet from pressed at c
Ž .70 MPa and d 300 MPa.
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3. Results and discussion

Ž .Combustion velocities and specific surface areas SSA
for samples are given in Table 2, showing that both
increase with the increasing citrate content in the reaction
mixture. Furthermore, visual observation revealed that
mixtures with crn ratios of 0.18 and 0.23 burned at higher
temperatures than the mixture with crn 0.28. The exact
stoichiometric compositions cannot be calculated unless
the compositions and proportions of all products are known
Ž .which was not determined in the present work . Consider-

w xing the reaction scheme of Zhang and Stangle 9 , compo-
sitions with crn ratios of 0.23 and 0.18 are in the stoichio-
metric region, while the ratio 0.28 is considered fuel-rich.
Their calculations of the stoichiometric fuelroxidant ratio
were based on the assumption that the oxidation state of
the product species is not restricted to one value but may
vary. For instance, the oxidation state of nitrogen in the

Ž . Ž .reaction product may vary from 0 as N to 4q NO .2 2
ŽThe combustion reaction time was longer from 20 to

.87 s when burning proceeded in the pellet form while in
the loose packed layer it lasted from 6 to 60 s. An
explanation for this could be that the heat transfer in the
pellet to the surface is retarded. The SSA of the pellet-
formed powders increased from 7.21 to 10.45 m2rg with
increasing crn ratio, while the SSA of the layer formed
powders varied between 11.7 and 12.5 and was not
markedly influenced by the citrate–nitrate ratio. During
combustion, samples with higher crn ratios liberate a
lower amount gas, which diminishes the coarsening of the
reaction products, resulting in a higher surface area. The
effect of escaping gas is more pronounced in pellets than
in loose powder.

Scanning electron micrographs of all samples pressed at
300 MPa are given in Fig. 1 showing that they are
composed of particles from 50 to 150 nm in size. Particles
are bound into agglomerates of different sizes and shapes.
Samples prepared in a loose packed layer shows a consid-
erable difference from those prepared in pellet form.

Ž . Ž .Fig. 3. X-ray diffraction patterns of a all samples, b sample A1 after
calcination at different temperatures.

Fig. 4. TG curves of all samples.

Powder morphology depends on both the reaction mix-
ture form and the citrate–nitrate ratio. Sample A is com-
posed of dense agglomerates and less dense regions, while
samples B and C possess large voids in the green structure.
Mixtures A and B react very fast and samples were ejected
due to temperature gradients in the sample. The reason for
the inhomogeneous structure of loose powders may be due
to temperature gradients during synthesis in sample A and
a lower degree of conversion in samples B and C. The
porous structure of samples C and C1 prepared from a
fuel-rich reaction mixture is due to the lower combustion
temperature and higher volume of escaping gas. As com-
pared with other compositions, compositions A1 and B1
exhibit considerably less porous structures and more ho-
mogeneous particle arrangements.

The nature of the agglomerates prepared under various
processing conditions was examined by evaluating the
porosity of compacts pressed at 70 and 300 MPa. The pore
size distributions of samples pressed at 70 and 300 MPa
are shown in Fig. 2. Samples prepared in the layer form
had pores from 1 to 0.006 mm when pressed at 70 MPa
Ž . Ž .Fig. 2a , while after pressing at 300 MPa Fig. 2b the

Žsize of the pores ranged from 0.4 to 0.006 mm 0.006 mm
.was the detection limit of our apparatus . Although the

proportion of the larger pores from 1 to 0.1 mm in size
decreased with increasing pressure, the pore size interval
remained wide with pores from 0.4 to 0.006 mm in size.
Samples prepared in the pellet form pressed at 70 and 300
MPa had pore size intervals from 0.7 to 0.006 mm and

Ž .from 0.2 to 0.006 mm, respectively Fig. 2c and d . Pores
in sample C1 pressed at 70 MPa could be divided into
larger pores from 0.7 to 0.06 mm and smaller ones from
0.06 to 0.006 mm in size. When pressing sample C1 at the
higher pressure of 300 MPa the amount of larger pores
was reduced; however, the pore size interval remained
wider with pore diameters from 0.2 to 0.006 mm. Compar-
ison of samples A1 and B1 to the others shows a much
narrower pore size distribution with most pores between
0.2 and 0.02 mm. Homogeneous porosity in samples A1
and B1 indicates the weak nature of the agglomerates,
allowing agglomerate breaking and rearrangement during

w xpressing 10 .
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Fig. 5. Relative linear shrinkage and relative rate of sintering versus
temperature of samples A1 and A milled for 30 min and pressed at 70
MPa.

Phase compositions of all as-prepared samples were
Ždetermined by X-ray diffraction. The XRD curves Fig.

.3a of as-prepared samples suggest that the samples were
not well crystallized, being mainly composed of the per-
ovskite crystalline phase. In all samples secondary SrCrO4

and La CrO phases were found. Regarding these sec-2 6

ondary phases, samples A, A1 and B1 contained one the of
so-called Ruddlesden Popper phases, Sr CrO . Traces of2 4

this phase were found in other samples. A strontium rich
phase with Cr 4q was formed in an oxygen deficient

w xatmosphere 11 . Oxygen access may have been partly
hindered due to the form of the sample before combustion
when synthesis was performed as a pellet and due to rapid
gas evolution. In samples B, C and C1, SrCO was3

detected. The presence of strontium carbonate could be
Ž .due to the short reaction time sample B as well as the

Ž .excess of citric acid C and C1 . After the calcination of
Ž .sample A1 Fig. 3b at 6508C, the sample was well

crystallized and its diffraction pattern corresponded to
orthorhombic symmetry. Secondary phases SrCrO and4

La CrO were found. After calcination at 10008C, the only2 6

secondary phase present was SrCrO , while after heat4

treatment at 14008C chromite phase and traces of SrCrO4

were detected. The multiple diffraction peaks after heating
at 16008C become stronger indicating the disordered na-

w xture of the LSC 12 .
As expected from their variable phase composition, the

thermal behaviour of the samples is considerably different
depending on the citrate–nitrate ratio and sample form

Ž .prior to combustion Fig. 4 . Total mass loss increases
Žwith increasing crn ratio. Minor mass losses from 1.8 to

Table 3
Densities, relative mass and dimensional changes for samples A and A1
sintered at 16008C 10 h

Sample r r r r Dm Df Dhg s hex powder sŽrelative.
Ž . Ž . Ž . Ž .% % % %

A1 3.28 6.09 6.34 96 1.63 19.08 18.97
A 3.18 5.8 6.34 91 3.6 19.08 19.2

Table 4
Specific electrical conductivities for samples A and A1 sintered 16008C
for 10 h

Ž .Sample Specific electrical conductivity Srcm

308C 10008C

A1 0.016 17.6
A 0.013 7.4

.3.2% were observed during thermal analysis in case of
pelletised samples, while mass loss from 3 to 6.2% for the
layer prepared samples indicates a lower degree of conver-
sion of these samples. The lower combustion temperature
and shorter time at reaction temperature for sample C was

Ž .confirmed optically by a noticeable mass loss 2.9% in the
temperature region from 400 to 7008C due to removal of
organic residues. In contrast, samples A, A1 and B1 gained
mass in the temperature range from 365 to 7008C, proba-

Žbly due to oxidation of Sr CrO Sr CrO qO ™SrCrO2 4 2 4 2 4
. Ž .qSrO as shown elsewhere to be published . Weight loss

above 10008C indicates decomposition of secondary phases
such as SrCO and La CrO .3 2 6

ŽSintering curves of samples A and A1 milled for 30
min in an agate mill, d ;1.2 mm, unaxially pressed at50

.70 MPa are shown in Fig. 5. The green density of A and
A1 compacts was 2.8 grcm3. From Fig. 5, it is evident
that shrinkage for both samples occurred in several steps.
The shrinking process initiated at 8008C, and was followed
by several shrinkage maxima at 9908C, 11308C, 11908C,
12908C and 14108C in both samples due to the presence of

Ž .secondary phases La CrO and SrCrO . The inflection at2 6 4

12908C is associated with liquid phase formation. Al-
though the presence of SrCrO and subsequent melting is4

not as effective as that in yttrium chromite substituted with
w xcalcium, it still partly enhances densification 13 . Accord-

ing to the literature, the effectiveness of the lanthanum-rich
phase La CrO as a sintering aid can be attributed to the2 6

resulting increase in the ratio ArB in the ABO structure3
Ž .LaqSrsA and BsCr and changes in the unit cell

w xdensity 6 . However, sample A1 with a relative linear
shrinkage of 11.4% densified faster than sample A with a

Fig. 6. Impedance spectra of samples A1 and A after sintering at 16008C
taken in static air at different temperatures.
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relative linear shrinkage of 9.5% at 12008C. Obviously,
powder homogeneity and particles packing cause faster
sintering of sample A1. The sintering behaviour difference
was confirmed by sintering of samples A1 and A at

Ž .16008C for 10 h Table 3 . The relative sintering density
was calculated from the density of the reacted powder
determined by hexane picnometry. The higher density of

Ž .sample A1 96% TD than sample A reflects the advantage
of combustion synthesis in the pellet form.

As expected from the different sintering behaviour, the
electrical conductivities of samples A1 and A are different
Ž .Table 4 . The two samples have similar conductivities at
308C while at 10008C sample A prepared in the layer form
exhibits a significantly lower conductivity than sample A1
prepared in pellet form. According to the literature, in

Ž .samples with higher Sr content from 10 to 20 at.% Sr
electrical conductivity is increased exclusively due to the

w xadditional effect of densification 14 . According to the
impedance measurements shown in Fig. 6a and b, both
samples possess good conductivities. No capacitive ele-
ments were observed when varying the frequency through
the chosen range. The electrical resistivity of both samples
decreases with increasing temperature, a behaviour typical
of semiconductors. The electrical conductivity of sample
A1 is in good agreement with a reported value of 14.3

w xSrcm 15 .

4. Conclusions

Fuelroxidant ratio and reaction mixture form prior to
Ž .combustion loose powder layer or compacted pellet influ-

ence powder properties of samples after combustion. Tem-
perature gradients during synthesis in samples prepared in
the layer form result in less homogeneous porosity and a
lower degree of conversion. The appropriate crn ratio was
found to be 0.18 to 0.23, while the combustion should be
performed in the pellet form where mass losses after

combustion do not exceed 2% and so-called weak agglom-
erates are formed. The relative sintered density and spe-
cific electrical conductivity of compacts sintered at 16008C
from samples prepared in the pellet form were 96% and
17.6 Srcm, values which are markedly higher than in the
case of samples prepared in the layer form.
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