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Abstract

Dense lanthanum cobaltite ceramics with different microstructures were prepared using several processing procedures, including
chemical and ceramic synthesis routes. XRD, SEM, dilatometry, total electrical conductivity and oxygen permeability measure-
ments were used for the characterization of these materials. Submicrometer size LaCoO;_s powders obtained via a cellulose-pre-
cursor technique or a combustion synthesis process showed much higher sinterability and poor compactability with respect to the
powder prepared by the standard ceramic procedure. The influence of the processing route on crystal lattice, electronic conductivity
and thermal expansion of LaCoOj;_s ceramics was negligible. At the same time, the preparation technique significantly affects the
ceramic microstructure and the oxygen ionic conductivity. LaCoO;_s membranes prepared via the standard ceramic technique,
involving higher sintering temperatures, exhibit significantly higher oxygen permeation fluxes than ceramics prepared from organic
precursors. This behavior was attributed to the effect of grain-boundary resistivity to ionic transport, which decreases with
increasing sintering temperature and grain size, as commonly found for oxide solid electrolytes. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Solid solutions based on perovskite-type lanthanum
cobaltite, LaCoO;_5, are of interest for numerous
applications, including solid oxide fuel cells (SOFCs),
oxygen separation membranes, catalysts, lasers and
sensors.'~7 This is due to excellent transport and elec-
trocatalytical properties of cobaltites: high electronic
conductivity, significant oxygen ion mobility, and
noticeable electrochemical and catalytic activity in reac-
tions involving oxygen. Appropriate A- and B-site dop-
ing of the ABOj; perovskite makes it possible to optimize
these properties to a considerable extent.

Lanthanum cobaltite has a rhombohedrally distorted
perovskite structure and moderate oxygen deficiency at
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elevated temperatures, which increases with reducing
oxygen partial pressure almost proportional to
p(0,)~ 1728710 The electronic conduction in LaCoO;_g
occurs by transfer of charge carriers via Co-O-Co
bonds and exceeds ionic conductivity more than 1000
times.!%~!3 In the temperature range 110 K< 7 < 350
K, excitation of electrons from a narrow valence band
to localized states at high-spin cobalt sites introduces
mobile small-polaron holes and trapped electrons at
stationary Co?" ions.!° Increasing temperature above
650 K leads to stabilization of a metallic phase con-
taining high-spin Co3* and intermediate-spin Co(III),
with the partially filled o7 band responsible for the p-
type conductivity.!® Diffusion of oxygen ions in
LaCoO;_;s occurs via a vacancy mechanism.!'413

The present work continues our study of LaCoO;_s-
based materials, with particular emphasis on ionic
transport properties.!?!9=2! It has been recently found
21 that processing conditions may significantly affect the
oxygen ionic conductivity of lanthanum cobaltite cera-
mics, probably due to an extremely important role of
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grain boundaries. The oxygen diffusion through dense
ceramic membranes of LaCoQOs;_s was ascertained to
increase with increasing sintering temperature and grain
size.?! Such behavior is quite typical for oxide solid elec-
trolyte materials, where increasing grain size larger than
1-5 um leads, as a rule, to reducing the contribution of
grain boundary resistivity to the total electrolyte resis-
tance, caused by decreasing grain boundary area.?>=>° In
the case of ceramics with a predominant electronic con-
duction, however, revealing grain-boundary effects on
ionic transport is complicated due to numerous experi-
mental constraints, associated with determination of
minor contributions to the total conductivity. In fact,
literature contains scarce data on this subject, often in
contradiction.?%-?7

The optimization of mixed-conducting ceramics for
electrochemical applications requires an exact knowl-
edge of relationships between processing conditions,
microstructure and physicochemical properties. The
evaluation of the effect of different processing routes on
the properties of LaCoOs;_s powders and ceramics,
including compactability, sinterability, thermal expan-
sion, electronic conductivity and oxygen permeability is
the objective of the present work.

2. Experimental

Two major methods were used to prepare LaCoOs_5
powders. The first of them, a standard ceramic synthesis
technique, is hereafter referred to as Method 1. Mixtures
of high-purity La(NO3);-6H>O and Co(NOs),-6H,O
taken in stoichiometric proportions were dissolved in a
solution of nitric acid, dried and then thermally decom-
posed. The solid-state reaction was conducted in air at
temperatures of 1470-1520 K for 15-20 h, with multiple
intermediate grinding steps. Gas-tight ceramic speci-
mens were pressed (280-350 MPa) in the shape of bars
(4x4x30 mm?) and disks of various thickness (diameter
12 or 15 mm), and then sintered in air at 1750-1770 K
for 5-15 h.

In the second preparation route, Method 2, one cel-
lulose precursor was used as described elsewhere.?’~2°
Briefly, this method is based on a structure-modified cel-
lulose containing the metal salts as a precursor for the
oxide phase synthesis. The starting cellulose fibre is reac-
ted with a 68-70% solution of nitric acid.?® The inter-
action of HNO; monohydrate with native cellulose
results in formation of the so-called Knecht compound-
KC, (CsH 0O5-HNO3),.. KC is then converted into cel-
lulose hydrate (cellulose-11) by the action of water. The
phase transformation “‘cellulose-I—KC—cellulose-11"
increases the sorption activity of the cellulose matrix.?
Incorporation of cations into the modified cellulose was
performed by impregnation with a solution containing
lanthanum and cobalt nitrates with a cation concentration

ratio of 1:1. The impregnation ratio was 1.2 ml/g.?”??

Then the cellulose fiber is dried in air and ignited, and
the LaCoO;_; oxide phase is formed in the combustion
front. The oxide obtained in this manner retains the
fibre precursor texture (Fig. 1A and B) and can be easily
converted into a powder with submicron particle size by
light mechanical action.

Lastly, a commercial LaCoO;_s powder (Praxair
Specialty Ceramics, Seattle, USA), having a submicron
particle size (Fig. 2A), and prepared by combustion
synthesis, was also used for the preparation of ceramic
membranes.

All ceramic materials studied in this work and corre-
sponding abbreviations are listed in Table 1. LC-0 cor-
responds to LaCoQO;_s ceramics prepared by the standard
ceramic technique. LC-100 is used for ceramics obtained
by the cellulose-precursor technique. LC-50 samples
were prepared from a mixture (50:50 wt.%) of powders
synthesized by Methods | and 2. Sintering of LC-50 and
LC-100 ceramics was performed in air at 1640—1680 K
for 7-12 h. Ceramics prepared from the commercial
powder, identified as LC-S, were pressed and sintered in
air at 1670 K for 2 h.

In order to obtain an oxygen content as close as pos-
sible to equilibrium in air at low temperature, dense
ceramics were annealed for 5-6 h in air at 1270-1320 K
and then cooled down to room temperature with a rate
of about 2 K/min prior to further study. After this
treatment, nonstoichiometry approached a steady con-
dition, presumably close to equilibrium. No consider-
able changes in the X-ray diffraction (XRD) patterns
were found for samples kept in air at ambient tempera-
ture for 100-150 days. Also, no effects indicating a
metastable oxygen content in the ceramics were detected
by differential thermal and thermal gravimetric analysis
(DTA/TGA) on heating.

The experimental procedure and equipment for XRD,
DTA/TGA, cation analysis, scanning electron micro-
scopy (SEM), mechanical tests, dilatometry, testing gas
tightness, measurements of oxygen permeability and
electrical conductivity (4-probe DC) were described in
detail elsewhere.!?19721.27-2% According to the XRD
results, all materials were single phase and the scatter in
unit cell parameters of ceramics prepared by the differ-
ent methods was within the limits of experimental
uncertainty. The ratio between experimental and theo-
retical density (0exp/Pincor) Was in the range 91-92% for
LC-0, LC-50 and LC-100. For LC-S this ratio was
about 97%, with the theoretical density calculated
assuming zero oxygen non-stoichiometry (§ = 0). Only
samples which had been previously verified to be gas
tight, were used for the permeation measurements.
Emission spectroscopic analysis used to verify the cation
composition of powders and ceramics, showed that the
total impurity content in the specimens was less than
0.05 at.%.
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Fig. . SEM micrographs of LaCoOj;_s oxide fibers prepared by Method 2: A and B — fibers after combustion of the cellulose matrix, C — particle

agglomerate after mechanical decomposition of the fibers.

Table 1
Abbreviations and processing conditions of LaCoO;_s ceramics

Abbreviation Powder preparation

Sintering temperature (K) Grain size range (um)

LC-O Standard ceramic technique (Method 1) 1750-1770 40-100
LC-100 Cellulose precursor technique (Method 2) 1640-1660 0.5-5
LC-50 Mixture of powders prepared by Methods 1 and 2 (50:50 wt.%) 1650-1680 10-80
LC-S Praxair specialty chemicals (combustion synthesis) 1670 0.5-5

3. Results and discussion
3.1. Compactability and sinterability

Pressing and sintering of LaCoO;_g ceramics demon-
strated that the submicron-size powders prepared either
by cellulose precursor technique or the combustion
technology exhibit poor compactability but superior

sinterability when compared to the powder prepared by
the standard ceramic technique. Fig. 3 presents data on
the pressure dependence of the green density of pressed
lanthanum cobaltite powders. At pressures below 250
MPa, the density of LC-100 green compacts was less
than 65% of the theoretical density calculated from the
XRD results. A similar value was found for LC-S,
whereas the density of LC-0 compacts almost reached
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80% of the theoretical density. Probable reasons for this
behavior refer to agglomeration of particles in the sub-
micron powders, and to a significantly wider range of
particle-size in the case of the standard ceramic techni-
que, providing closer packing. Also, intragrain porosity
of the powder prepared by Method 2, and mechanical

Fig. 2. SEM micrographs of the LaCoO;_s powder (PSC) used for the
preparation of the LC-S series of ceramics.
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Fig. 3. Dependence of the relative density of LaCoO;_s green com-
pacts of lanthanum cobaltite (expressed as % of theoretical density),
on the uniaxial pressure.

decomposition of large particles obtained using Method
I could influence the compactability. As an example,
Fig. 1C presents SEM image of one agglomerate formed
in the powder prepared by the cellulose-precursor
method. Some agglomeration was observed also in the
LC-S powder (Fig. 2B).

As opposed to the observed poor compactability, the
sinterability of the submicrometer sized powders with
high reactivity is 2-3 times greater than that of LC-0
green compacts. Table 2 lists the values of shrinkage
after sintering at 1670 K. Again, the shrinkage of LC-
100 is close to LC-S, suggesting similar activity of the
powders prepared by the cellulose-precursor and com-
bustion methods. The sintering temperature of gas-tight
ceramics could be reduced by about 100 K using these
powders (Table 1).

The results on compactability and sinterability of LC-
100 and LC-S are similar to data already reported in the
literature obtained with a fine-grained LaCoO;_s pow-
der prepared by the EDTA method.!3. The density of
green compacts, isostatically pressed at 400 MPa,!3 was
only 54% of the theoretical density. Further sintering of
these green compacts at 1420 K resulted in a relative
density of ceramics as high as about 98%.!3 It should
also be mentioned that increasing shrinkage with
decreasing particle size, commonly found in the case of
oxides,3® may introduce problems in the fabrication of
large ceramics from highly reactive powders prepared
using organic precursors.

3.2. Microstructure

Designing of different microstructures can usually be
obtained by changing the sintering time and temperature
for a given processing route and type of precursors. As an
alternative, different processing routes (e.g. chemical and
ceramic, as used in this work) should also provide cera-
mics with different microstructures, even using the same
sintering conditions. As previously mentioned, a combi-
nation of both approaches was adopted in the present
case. Furthermore, the need for dense ceramics to be used
in the permeation experiments, without open porosity,

Table 2
Shrinkage of LaCoO;_s membrane disks pressed at 230 MPa and sin-
tered at 167010 K

Abbreviation Sintering Shrinkage Shrinkage
time (h) in diameter in thickness
(AD/Dy (%) (AT/Ty (%)
LC-0 4 10 6
7 10 6
LC-100 4 27 14
7 28 14
LC-S 2 26 15
4 27 15
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established to a reasonable extent the sintering condi-
tions required for each kind of precursor used in this
work. This means that the adopted processing routes
were not selected for being the most appropriate for the
production of these ceramics but rather for providing
important microstructural differences. This was a basic
requirement for the understanding of the role of micro-
structural features on the transport of oxygen (a min-
ority charge carrier) through these ceramics.

Fig. 4 illustrates the characteristic microstructures of
sintered LaCoO;_s ceramics observed by SEM. The
smallest grain size, varying from 0.1 to 5 um, was
obtained in the cases of LC-100 and LC-S. Sintering of
the starting submicron particles resulted in the forma-
tion of larger agglomerates of up to 3—4 um for LC-S or
20 pm in the case of LC-100. The grain size for LC-50
was considerably larger (up to 80 um); grain growth and
sintering were favored by the presence of the dispersed
reactive powder prepared by Method 2. Closed pores in
this case, similar to LC-0 and LC-S, were mainly
formed by close-packed oxide grains.

The LC-0 ceramics consisted of large grains (40-100
um) covered by relatively small particles (effective dia-
meter of up to 5 um). Taking into account that
LaCoOs;_; is characterized by incongruent melting at
temperatures close to the sintering temperature of LC-0,°

a/

LCl1ea4 25S.

sintering of LC-0 is likely to occur via a liquid phase
assisted process.’® The magnified section of Fig. 4A
(right) indeed suggests the formation of a liquid phase
along the grain boundaries. As a result, the local com-
position of grain boundaries in LC-0 may differ from
the bulk.

Due to the high reactivity of the powders obtained by
the cellulose-precursor and combustion methods, the
sintering temperature necessary to obtain gas-tight cera-
mics of LC-100, LC-50 and LC-S series is significantly
lower (Table 1). Thus, the sintering mechanism in these
cases should be different from that suggested for LC-0.
This shows that LC-0 is a specific case within the set of
compositions prepared in this work, corresponding to
unique sintering conditions and a singular micro-
structure. This fact is of major importance for the
ulterior discussion on oxygen permeation.

3.3. Thermal expansion and electrical conductivity

Irrespective of previously reported differences in
microstructure, all materials exhibit similar thermal
expansion (Fig. 5). In the temperature range 300-1100
K, dilatometric curves of LaCoOs_s ceramics can be
approximated by straight lines. The average thermal
expansion coefficients (TECs) are close to each other

3.884sm

Fig. 4. SEM micrographs of the LaCoO;_s ceramics: LC-0 (A), LC-100 (B and C), LC-S (D). The scale and magnification of the micrographs A and
B correspond to their left sections. The right sections represent the area within the frame, magnified five times.
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within the limits of experimental error (in the order of
21.10=® K~!). This fact is not surprising as thermal
expansion is determined by the volume fraction and
type of connectivity of phases present in the ceramics. In
these cases the ceramics are typically phase-pure and the
grain size is large when compared to the characteristic
dimensions of minor secondary phases, either amor-
phous or crystalline, which may form along the grain
boundaries. The chemical expansion caused by the oxy-
gen losses in the course of heating should also be similar
for all materials under study.

As for thermal expansion, the total conductivity of
LaCoO;_; (predominantly electronic) is independent of
the preparation technique and microstructural differ-
ences, within the limits of experimental error (Table 3).
This indicates negligible effect of grain boundaries on
the electronic transport, a common observation for
oxides with high electronic conductivity when the por-
osity is less than 10%.%3! In this case, the main factors
determining the conductivity are the cation composition
and oxygen content.®3! Since all materials have similar
grain bulk composition (both A/B- cation ratio, and
(A +B)/O - metal to oxygen ratio) and low porosity, the
differences in electronic conductivity are negligible.

20 -
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15 |
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2 | fitting
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Fig. 5. Temperature dependence of relative elongation of LaCoO;_;
ceramics in air. Solid lines correspond to the linear model for thermal
expansion.

Table 3
Total electrical conductivity of LaCoO;_; ceramics in air
Material o (S/cm)

1223 K 1073 K 773 K
LC-0 9.1x102 9.4%10? 8.4x102
LC-50 8.8x10? 9.1x10? 7.5%10?
LC-100 8.8x10? 9.0x10? 7.3%x102
LC-S 8.7x10? 9.4x10? 7.6x10?

3.4. Oxygen permeability

For a cell under a given oxygen activity gradient, the
effective permeation flux density j (expressed in
molxs~!'xecm~2) through the cell and the specific oxy-

gen permeability J(O,) (expressed in molxs~!'xcm™!)

can be related by:

J(O) = j-d- [m]’ﬂ (1)
1

These are the most relevant parameters which can be
used to discuss oxygen permeation data. In this equa-
tion d is the thickness of the sample, and p, and p; the
oxygen partial pressures at the membrane feed and
permeate sides, respectively. For materials obeying the
Wagner’s law, with the permeability exclusively governed
by the ionic and electronic transport properties, the spe-
cific oxygen permeability should be constant, irrespective
of the cell thickness.

Selected results on oxygen permeation through
LaCoO;_s membranes are given in Fig. 6. In contrast
with other ceramic materials, LC-0 membranes exhibit
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Fig. 6. Dependence of oxygen permeation flux density (A) and specific
oxygen permeability (B) of lanthanum cobaltite ceramics on oxygen
partial pressure gradient.
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extremely long stabilization processes under an oxygen
chemical potential gradient, as illustrated in Fig. 7. Up
to 700 h are needed to reach a steady-state condition.
Analogous behavior was reported earlier for
La(Co,Cr)O5_s ceramics.>?> The negligible dependencies
of the permeation fluxes on LC-0 membrane thickness
(Fig. 6B) show no surface exchange limitations during
the transient period. Hence, the explanation introduced
by ten Elshof et al.,3 who attributed to a surface effect a
similar behavior observed with La(Sr)FeO;_s solid
solutions, may not be applied in the present case.
Besides surface effects, structural changes could also
explain this long transient behavior of LC-0. However,
no such changes were identified by XRD tests per-
formed after the permeation experiments with LC-0
membranes. As a last possibility, the observed behavior
might be ascribed to the role of minor percentages of
glassy phases found along grain boundaries, either due
to crystallization or to some exudation which might
occur from loss of solubility of minor impurities at low
temperature. In general, both processes would be
coherent with the higher sintering temperature used
while processing LC-0 samples, and with the traces of
liquid phase formation observed by SEM (Fig. 4A).
Overall, the oxygen permeability within the exploited
temperature range increases in the sequence LC-100 < LC-
50<LC-S< LC-0 (Fig. 8). When comparing the mem-
branes prepared by the standard ceramic and cellulose-
precursor techniques, this behavior may be attributed to
increasing average grain size, in the order LC-100< LC-
50 <LC-0, and lower grain-boundary resistance to ionic
transport. In the case of solid oxide electrolytes, an
increase in sintering temperature leads, as a rule, to a
lower grain-boundary resistivity.?>?> A parallel explana-
tion can be used in the present case. In fact, LC-0 mem-
branes with maximum permeability were sintered at
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Fig. 7. Time dependence of oxygen permeation fluxes through LC-0
membranes under fixed oxygen partial pressure gradient.

higher temperatures with respect to the remaining lan-
thanum cobaltite ceramics (Table 1).

One should note that the relatively low oxygen per-
meability of LC-100 ceramics may partially result from
with non-negligible surface limitations. In this case,
increasing membrane thickness leads to higher J(O»)
values, caused by a decreasing role of the oxygen sur-
face exchange on the permeation flux (Fig. 6). There-
fore, oxygen interphase exchange rate decreases with
decreasing grain size, similar to the ionic conductivity.
Such an influence is associated, firstly, with well-known
correlation between surface exchange and bulk oxygen
diffusion. Also, changes in the processing route may
affect surface microstructure, including surface con-
centration of active adsorption centers.

The only ceramics not following the simple correla-
tion between oxygen permeability and grain size are
those identified as LC-S. In fact in this case we have
ceramics with relatively small grain size, high grain
boundary density and reasonably high permeability.
This can only be explained by a different nature of grain
boundaries, determined by a specific synthesis route and
level and type of impurities. The LC-S ceramics were
based on a commercial powder, and the processing steps
can be considered unique with respect to all other sam-
ples. Grain boundaries are in fact a complex entity and
simple correlation between grain size and grain bound-
ary performance is only possible when the remaining
processing steps are similar.

It should also be emphasized that grain boundaries
may provide also a positive influence on total oxygen
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Fig. 8. Dependence of oxygen permeation fluxes through LaCoO3_s
membranes on oxygen partial pressure gradient at 1223 K. The thick-
ness of all membranes was 1.00 mm, except for LC-S. The fluxes
through LC-S ceramics were measured with a 0.90 mm thick mem-
brane and then normalized to 1 mm.
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ionic conductivity. When the grain boundary resistance
to ionic transport is low enough, an additional con-
tribution to the oxygen transport due to diffusion along
grain boundaries may take place. Such behavior is often
observed in mixed conductors. As an example, the tra-
cer diffusion coefficients in ceramic grain boundaries of
Lag ¢Srg 4Fep 3Cop,05_s5 at 660780 K are higher than
the grain bulk diffusion coefficients by a factor of 10—
10%3* The grain-boundary oxygen diffusion coefficient
in A-site-deficient LaMnQO5 at 1170 K is three orders of
magnitude larger than for the bulk.?® The already men-
tioned crystallization of secondary phases along the
grain boundaries in LC-0, from amorphous layers
formed during a liquid-phase assisted sintering process,
may thus justify the high oxygen permeability of LC-0
membranes. This assumption is also in good agreement
with the slow increase in the permeation fluxes with time
(Fig. 7).

4. Conclusions

Dense LaCoO;_s ceramics with different micro-
structures were prepared using the standard ceramic
synthesis route (Method 1), the cellulose-precursor
technique (Method 2) and a commercial powder
obtained via combustion synthesis. The powders with
submicron particle size, formed in Method 2 and via
combustion synthesis, exhibit much higher reactivity
and sinterability but worse compactability with respect
to the powder obtained by the standard ceramic techni-
que. As a large shrinkage may complicate the fabrica-
tion of long ceramic parts, a combination of types of
powders might be desirable in practical applications
such as ceramic membrane production.

The role of processing route on crystal lattice, elec-
tronic conductivity and thermal expansion of the mate-
rials was found negligible. In contrast, the preparation
technique significantly affects the ceramic microstructure
and the oxygen ionic conduction. Lanthanum cobaltite
membranes prepared by the standard ceramic technique
show significantly higher oxygen permeation fluxes than
those prepared using organic precursors. This is believed
to be caused by a low grain-boundary resistance to oxy-
gen ionic transport. Long stabilization processes under
oxygen chemical potential gradients observed for the
ceramics prepared by Method 1 may also be explained
in terms of the grain-boundary effect.

The obtained results clearly show the importance of
microstructural optimization of mixed-conducting cera-
mic materials for high-temperature electrochemical
applications. If the applicability is determined by global
electronic transport properties (e.g., current collectors),
the synthesis route plays a secondary role and should
be selected to provide other necessary parameters such
as mechanical strength. However, when the ionic

conductivity is important (SOFC electrodes, oxygen
membranes), the processing technology should be opti-
mized in order to reduce the grain boundary resistance
to oxygen transport.
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