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Abstract: A composite of CaTiggFeg O3 and electrolyte material, i.e. magnesium doped Lag 9sMgg.02NbO4 was pre-
pared and studied. The phase content and the sample microstructure was examined by an X-ray diffraction
method and scanning electron microscopy. EDS measurements were done both for composite samples
and the diffusion couple. The electrical properties were studied by four terminal DC method. The high-
temperature interaction between the two components of the composite has been observed. It has been
suggested that lanthanum diffused into the perovskite phase and substituted for calcium whereas calcium
and niobium formed the Ca;Nb,O; pyrochlore phase. At 1500°C very large crystallites of the pyrochlore
were observed. Regardless of strong interaction between the composite components, its total conductivity
was weakly dependent on the sintering temperature.
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1. Introduction rials relevant for P-SOFCs are very important. Elec-
trode materials, because of their complex functions, re-
quire further studies. SOFC cathodes should be a good
mixed electronic-ionic conductor. It should be perme-

Proton conducting solid oxide fuel cells (P-SOFCs) can able for gases (e.g. oxygen or water vapour) and have
operate at lower temperature than the oxide ion conduct-  good catalytic activity for dissociation and reduction of O,
ing SOFCs [1]. Therefore optimization and development molecule into oxygen ions. It also should be chemically,
of the composition and microstructure of ceramic mate-  structurally and microstructurally stable at high tempera-

tures in the atmosphere of gases present during cell fab-
rication and work, also, any reaction with the electrolyte,
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which decreases its ionic conductivity, should be avoided.
Moreover, the thermal expansion coefficient of a cathode
should be as close as possible to those of other parts of a
cell. In the case of cathode-supported fuel cells the cath-
ode material should also provide mechanical strength and
stability. Also, to create a strong bond between a porous
cathode and a dense electrolyte, a similar shrinkage of
both materials is required. These requirements often con-
tradict each other and are impossible to be fulfilled simul-
taneously. For example, high catalytical activity may lead
to a material composition change on the surface [2]. High-
temperature synthesis and work of the cathode material in
contact with the electrolyte facilitates diffusion, reactions
and microstructural changes. All of these processes may
cause the deterioration of cathodes and cathode supports.
On the other hand, a reaction between cathode and elec-
trolyte materials may improve both a bond between them
and the mechanical strength of the system.

In the last decade perovskite-type ABO;3 ceramics have
had promising applications in SOFCs [3]. Among them,
iron-doped calcium titanate CaTij_,Fe, O3 (CTF) has been
considered as a candidate for a cathode material for
proton-conducting SOFCs with lanthanum niobate as an
electrolyte [4]. Acceptor-doped lanthanum niobate (LNO)
and iron-doped calcium titanate are one of the uncon-
ventional electrolyte and cathode materials, respectively,
because they have a relatively low conductivity [5]. One
of the main advantages of lanthanum niobates is their sta-
bility in CO, atmosphere. CaTi;_,Fe,Os is a mixed ionic-
electronic conductor [6] and its thermal expansion coeffi-
cient (~12 x 107% K=" [7)) is close to that of lanthanum
niobate (between 8 and 15 x 107® K=" at high and low
temperature, respectively [8]). Its electronic conductivity
in air is of the p-type, which is considered advantageous
from the point of view of a possible cathode material for
proton-conducting SOFCs [4]. On the other hand, Fe-
doped calcium titanate is a poor proton conductor, with
proton transport numbers at 700°C about 0.4% [9]. There-
fore, taking advantage of both the CaTi;_,Fe,O3 and LNO
properties requires making a composite material.

In this paper a composite of CaTigoFeo103 (CTF) and
electrolyte materials, e.g. magnesium doped LaNbO,
(LMNO) was prepared and studied. Special attention has
been paid to the high-temperature interaction between the
two components of the composite.

2. Experimental

The CaTiggFeo103 powder was synthesized by the con-
ventional solid state synthesis method described in [10].
The Lag.9sMgo.02NbO4 powder was prepared by the molten

Table 1. The porosity values for samples synthesized at various tem-
peratures.

Sintering temperature (°C) Porosity (%)

1200 36
1300 34
1400 28
1500 12

salt synthesis method (MSS) which was described else-
where [11]. In order to produce composite samples the
powders of CTF and LMNO were mixed in weight ratio
1:1 and then milled in an agate mortar. Then the pow-
ders were uniaxially pressed and sintered in the range of
temperatures from 1100 to 1500°C for 6 h. To produce dif-
fusion couples the powders were pressed separately and
then mounted on one another and sintered at 1200°C for
6 h. The phase composition of the samples were examined
by the X-ray diffraction method (XRD) using the Philips
X'pert Pro MPD system with the CuKa radiation. The
patterns were also analyzed by the Rietveld refinement
method using a version of the program LHPM1'. The
pseudo-Voigt profile function was applied. As a start-
ing point for the analysis crystal structure parameters of
CaTiOs (Space group no. 62, Pbnm) [12] LaNbO, (space
group no. 15, 12/c) [13] and Ca;Nb,0; (Space group no.
227, Fd-3m) [14] were used. The microstructure of sam-
ples was investigated by a scanning electron microscope
(SEM) Hitachi TM 3000, Zeiss EVO-40 (with Bruker en-
ergy dispersive X-ray spectrometer — EDS) and Hitachi
S3400N (with Oxford energy dispersive X-ray spectrom-
eter). EDS measurements were done both for compos-
ite samples and the diffusion couple. The density of the
samples was measured by a classical Archimedes method
in kerosene. The porosity was defined as a subtraction
between the measured and theoretical density. The elec-
trical properties were studied by the four terminal DC
method. The results were corrected for porosity by asym-
metric Bruggeman model [15] according to Eq. 1 where ay
is the uncorrected conductivity and x is a ratio between
the theoretical and measured density. The porosity values
in percent are shown in Tab. 1.

0= go(1 — x)73? (1

' The X’PERT PLUS Rietveld alghoritm is based on the
source codes of the program LHPMT1 (April 11, 1988) of
R.J. Hill and C.J. Howard, X'Pert Plus, 1999 Philips Elec-
tronics N. V.
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3. Results and discussion

The results of the X-ray diffraction analysis are presented
in Figs. 1 and 2. Fig. 1 shows XRD patterns of the
composite samples sintered at 1100-1500°C. The reflexes
characteristic for both lanthanum niobate and calcium ti-
tanate are present in all patterns, but it can be seen that
the intensity of the reflexes corresponding to the LMNO
phase decrease with the increase of sintering tempera-
ture. Moreover, even in the case of the sample sintered
at 1100°C reflexes of the Ca;Nb,0O7 pyrochlore may be
seen in the spectra. They become larger in the patterns
of the samples sintered at higher temperature. In the pat-
tern of the sample sintered at 1500°C reflexes correspond-
ing to the LMNO phase are very low, whereas these the
characteristic of the niobium (Nb,Os), lanthanum (La;05)
and other oxides (magnetite Fe;O4 and calcium ferrite
CaFe405) can be seen. These results clearly show that
there is an interaction between both components of the
composite. It leads mainly to the decomposition of the
lanthanum niobate phase. In order to analyse quantita-
tive relations between the crystalline phases a Rietveld
refinement of the XRD data was performed. An example
of the measured plot and the calculated profile obtained
for the sample sintered at 1100°C is shown in Fig. 2.
The fitted profile R-values are 14, 16, 24 and 30% for
the samples sintered at 1100, 1200, 1300 and 1400°C,
respectively. Lower quality of the high-temperature re-
sults is most probably caused by a preferred orientation
of the pyrochlore phase and the possible presence of small
amounts of other oxides in the material. The results pre-
sented in Tab. 2 showed that the LMNO decomposition is
significant above 1300°C. In fact, in the sample sintered
at 1300°C approximately 30% of LMNO is decomposed.
On the other hand the changes undergone by calcium ti-
tanate in the sintering process are apparently more subtle.
It does not decompose, but it should be noted that calcium
originating from CTF, together with niobium from LMNO,
forms the pyrochlore phase. Rietveld analysis shows a
gradual increase of the volume of the crystal unit cell
with the increase of the sintering temperature. So that,
we suggest that the main process in which CTF takes part
is a substitution of calcium by lanthanum. V. Vashook et
al. found that the substitution of calcium by lanthanum
in calcium titanate Caj_,La,TiO3 for x up to 0.3 occurs
without a structural distortion and it is accompanied by a
unit cell expansion of about 2.4% [16]. Similar increase of
the CTF unit cell volume (1.9%) was observed in the case
of the sample annealed at 1500°C. This hypothesis is fur-
ther supported by the observation that only low reflexes
corresponding to lanthanum oxide are detected by XRD
in the samples. The expansion of unit cell of CTF may be
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Figure 1. X-ray diffraction patterns of LMNO and CTF initial powders
and the composite samples sintered at 1100-1500°C.
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Figure 2. Observed (solid line) and calculated (dotted line) diffrac-
tion patterns for LMNO/CTF composite sample sintered at
1100°C. The lower curve shows the difference between
observed and calculated patterns.

also caused by a process of dissolving of the pyrochlore
in the CTF which is linked with unit cell expansion as
well [17].

In Fig. 3 a and b the SEM micrographs of the surface of
the LMNO-CTF composite sample sintered at 1400°C are
presented. The difference between two components of the
composite is clearly visible. EDS measurements of grains
showed that bright agglomerates noticeable in Fig. 3b are
composed of the LMNO phase while the darker grains are
the CTF phase. The LMNO agglomerates are quite large;
their size reaches approximately 10 pm. This fact is in
agreement with previous studies of sintered LMNO sam-
ples published elsewhere which proved that in the case of
sintered samples prepared from MSS powders grains tend
to agglomerate [11]. On the other hand the CTF grains are
not so strongly agglomerated and have average sizes of 3-
5 pm. Fig. 4 depicts the SEM micrograph of the surface of
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Table 2. The crystal unit cell parameters and phase content values achieved by Rietveld analysis for samples synthesizedn at different tempera-

tures.

Sintering temperature 1100 °C

1200 °C 1300 °C 1400 °C

CTF

Crystal structure tetragonal space group Pnma (62)

a (A) 5.4436(4) 5.4597(6) 5.415(2)  5.466(1)
b (A) 7.6507(6) 7.6483(8) 7.684(1) 7.706(2)
c (A 5.3917(4) 5.3904(9) 5.464(1) 5.4341(7)
Vv (A3 22455 225.09 226.28 228.84
Content (%) 47 41 50 50
LMNO

Crystal structure monoclinic space group C 2/c (15)

a (A) 7.3516(3) 7.3483(9) 7.355(1) 7.427(3)
b (A) 11.5318(5) 11.8262(6) 11.535(2) 11.542(8)
c (A 5.2078(2) 5.2068(8) 5.213(1)  5.303(3)
B () 130.970(3) 130.973(3) 1311 131.79(3)
V (A3 33232 33245 3327 3335
Content (%) 49 46 32 18
Pyrochlore

Crystal structure reqular space group Fd-3m (277)

a (A) 10.4263(8) 10.4372(5) 10.4330(5) 10.359(3)
Vv (A3) 1133.433 1136.97 1132605 1111.615
Content (%) 4 13 18 32

the sample sintered at 1500°C. The sample morphology is
very different from the one sintered at lower temperature.
The sample surface is covered with very large plate-like
grains. Their size (up to 30 pm) is much larger than the
size of crystallites formed at lower temperature. Form-
ing such large crystals was previously observed both in
perovskite [18] and pyrochlore [19] groups of compounds.
It should be noted that neither in the single-phase lan-
thanum niobate nor iron-doped calcium titanate sintered
at 1500°C such a phenomenon occured. The XRD results
indicate that the large crystals are Ca;Nb,O; pyrochlore.
The melting temperature of a single phase Ca;Nb,0Oy7 is
1571°C [20]. On the other hand, Roth et al. while describ-
ing the phase relations between CaTiO3 and Ca;Nb,O;
showed that solidus temperature in this binary system is
between 1470 and 1550°C [17]. So that, at 1500°C liquid
phase may form in the material and, as a result, the rate
of crystal growth of the pyrochlore may be relatively high.

In order to investigate in details the reaction between cal-
ctum titanate and lanthanum niobate the diffusion couples
of the two phases were prepared and the EDS measure-
ments were carried out. Fig. 4 shows the EDS analysis
results of the diffusion couple sintered at 1200°C. The scan
was taken along the line perpendicular to the interface be-
tween CTF and LMNO phase (marked by a dashed line
in Fig. 5a). The results show that the initial interface be-

tween the LMNO and the CTF phases shifted during the
sintering process. The diffusion of lanthanum and niobium
atoms into the CTF side can be observed. It confirms the
XRD results showing that it is lanthanum niobate which
decomposes as a result of the interaction with calcium ti-
tanate. What is very interesting, the iron content first
increases, reaches a small maximum and then decreases
again while the calcium and titanium content decreases
monotonically. The iron content rise is only visible at
the interface between the samples where the interaction
between both phases occurs. This phenomenon may be
associated with the interaction between the phases of the
composite observed by XRD. As a result of the substi-
tution of calcium by lanthanum in calcium titanate and
formation of the pyrochlore a considerable number of iron
atoms originating from the CTF may form iron oxides. In-
deed, the presence of magnetite and calcium ferrite was
detected in the samples sintered at 1500°C, for which the
decomposition of the initial compounds is the most visible.

Fig. 6 presents the Arrhenius plot of total conductivity
in atmospheric air of the LMNO/CTF composite sam-
ples corrected for the porosity. It is apparent that the
conductivity level in the case of samples sintered at
1500°C is higher than for the other samples and reaches
value of 5x 107" S ecm™" at 600°C. In the case of lower

sintering temperature this value is lower approximately
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Figure 3. SEM micrographs of the sample sintered at 1400°C taken (b)
by a) secondary electron, b) backscatter electron detector.

Figure 5. (a) Secondary electron micrograph of the LMNO/CTF dif-
fusion couple following 12 h firing at 1200°C in air. (b)
Phase composition taken along the marked line in (a). The
numbered regions match to those marked in (a).
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Figure 6. Temperature dependence of total conductivity in atmo-
Figure 4. SEM micrograph of the sample synthesized at 1500°C. spheric air of the LMNO/CTF composite samples sintered
at different temperatures. The conductivity data have

been corrected for the porosity.
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6x107> S cm™'. It means that regardless strong inter-
action between the composite components its total con-
ductivity rather weakly depends on the sintering tempera-
ture. Relatively high conductivity of the sample sintered at
1500°C can be explained by the formation of the conduct-
ing secondary phases. For instance the presence of the
magnetite phase (Fe3s04) may increase the total conduc-
tivity of the composite since its conductivity (102 S cm™" at
585°C) is considerably higher than that of both CTF and
LMNO [21, 22]. The other secondary phase CaFe,05 has
been also reported as electronic conductor [23]. The ap-
parent activation energy values for all samples are similar
but they are slightly decreasing with the rise of sintering
temperature from 1.12 eV for 1200°C to 0.92 eV for 1500°C.
The values of apparent activation energy are both higher
than in case of pure LMNO (approximately 0.7 eV [24])
and CTF (approximately 0.5 eV [10]). This indicates that
the process of conduction for composite samples is differ-
ent than in the case of pure compounds, which is related
to the presence of the secondary phases in the composite
apart from LMNO and CTF.

4. Conclusions

A composite of CaTiggFe103 (CTF) and electrolyte
materials, that is, magnesium doped Lag¢sMgo02NbO4
(LMNO) was prepared and studied. The high-temperature
interaction between the two components of the compos-
ite has been observed. The diffusion of lanthanum and
niobium from the LMNO phase towards CTF has been
observed. It has been suggested that lanthanum dif-
fused into the perovskite phase and substituted for cal-
cium whereas calcium and niobium formed the Ca;Nb,0O;
pyrochlore phase. The larger sintering temperature, the
larger amount of LMNO decomposed. Microstructure of
the composite depended on the sintering temperature. In
the samples sintered below 1500°C the microstructure was
typical of ceramic-ceramic composite. At 1500°C very
large crystallites of the pyrochlore were observed. Re-
gardless of strong interaction between the composite com-
ponents its total conductivity was weakly dependent on
the sintering temperature. Summing up, despite very in-
teresting properties of doped calcium titanate it seems it
is not suitable as a cathode material in the SOFC with
lanthanum niobate as an electrolyte.
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