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Doped LaMnOj3; systems are used as cathodes in solid oxide fuel cells, mainly due to their
high electronic conductivity, thermal matching to the electrolyte material and good catalytic
activity towards oxygen reduction. Lanthanum deficient LaMnO3z has been shown to have
a higher electronic conductivity than stoichiometric LaMnO3, however, the material has

been found to sinter more readily causing a reduction in the efficiency of the cathode. This
paper discusses the effect of imparting non-stoichiometry to the LaMnO5; system with the
incorporation of a B site dopant, Cr. The paper examines the effect on the conductivity and
phase present with increased Cr content, and shows that Crin LaMn_,Cr,03, uptoz = 0.15,
does not produce an unacceptably large decrease in the electronic conductivity, especially

for a Ca doped, A site deficient system. Thus, a B site doped system is considered as
a possible candidate for solid oxide fuel cell cathode systems.

1. Introduction
For solid oxide fuel cell (SOFC) applications, doped
lanthanum manganite (LaMnQO,) is the popular
choice for the cathode, meeting most of the require-
ments of similar thermal expansivity, high electronic
conductivity, good catalytic activity towards oxygen
reduction, chemical stability, etc. LaMnO; has the
perovskite structure (ABO;) and at high temperature
exhibits oxygen non-stoichiometry (LaMnO;_j;)
[1,2]. It is a p-type semiconductor, inherently due to
the cation vacancies formed by the lanthanum non-
stoichiometry. Hence, conductivity of this species may
be enhanced by substituting lower valent cations onto
either A or B sites; Sr, Ca, Ba, Ni, Cr, Na, Co, Mg for
example, have been studied [3,4]. Of these, strontium
and calcium are favoured as A site dopants because of
the high electronic conductivity that is found in the
doped LaMnOj; in an oxidizing environment. For
example, Sr** replaces La**, increasing the Mn**
content and thus the charge carrier concentration.
Properties of the perovskite-type oxides are prim-
arily determined by the B site ion, because the highly
electronic conducting oxides exhibit mixed valencies
on the B site. A site composition also affects the
electronic conductivity of the oxides via charge com-
pensation and by increasing the extent of mixed-valent
states. Transition metals, on the B site of a perovskite
type oxide, are useful from an electrical perspective.
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LaMnO; and LaCrO; (where La is 3 + ) have their
B sites occupied by metals in both the 3 + and 4 +
valence states.

In this work, the structure and electrical conductiv-
ity of the non-stoichiometric LaMnOj; system is
examined, with the effect of B site substitution (using
Cr). By using Cr as a B site substituent, the sinterabil-
ity of the highly sinterable lanthanum deficient man-
ganite should be retarded, thus allowing for a stable
electrode with good morphological properties. The
electrical conductivity of this system may be compro-
mised, somewhat, however the reactivity with yttria
stabilized zirconia (YSZ), at 1273 K, is expected to be
low [3]. It has also been shown that degradation of
the electrode during high fabrication temperatures,
and subsequent increase of overvoltage, can be mini-
mized with Cr doping [ 5], although it would be larger
than the non B site doped system [6]. Primarily, this
work investigated the phases and electrical conductiv-
ity of the mixed B site composition with further study
focusing on A site doped, A site deficient, composi-
tions of this system.

2. Experimental procedure

LaMn; ,Cr,0; (LMCr, z = 0-0.5) and (La; _,AJ; -,
Mn,; _,Cr,0; {LSMCr for A = Sr, x = 0.2; LCMCr
for A = Ca, x = 0.5 powders for y = 0.1 and
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z = 0-0.2 were synthesized via a self propagating
combustion method, using glycine as a fuel, as de-
scribed by Chick et al. [7]. Stoichiometric amounts of
the metal nitrates (99% purity) were dissolved in
a minimum of distilled water, comprising the oxidizer.
Glycine (amino-acetic acid) was used as the fuel, in
amounts to remove excess nitrate via stoichiometric
combustion and producing the desired oxide. The
resulting fine, light, voluminous powders were then
fired at 1173-1273 K for 12-20 h to ensure complete
oxidation of the organics and the complete production
of the perovskite phase.

LMCr powders were uniaxially pressed into round
pellets for rapid quenching in liquid nitrogen from
various soak temperatures, and subsequent analysis of
X-ray diffraction (XRD) characteristics, using Cu Ka
radiation with a. conventional Bragg-Brentano
goniometer (Philips PW1050). Room temperature
XRD was performed on the LSMCr and LCMCr
powered samples using a Rigaku RC (12 kW) with
monochromated Cu Ko radiation.

Rectangular bars were uniaxially pressed for
measuring the high temperature electrical conductiv-
ity using the standard DC four terminal method. The
LMCr series were fired at 1573 K for 1h, and the
relative density was measured using the standard Ar-
chimedes’ method, and thus the conductivity data
collected was normalized for density differences [&].
The LSMCr and LCMCr sample bars were fired at
1673 K, yielding densities > 90% of theoretical.

3. Results and discussion
Crystal structures observed from XRD of the
LMCr series, quenched from temperatures ranging
from 873-1673 K, are shown in Fig. 1. The XRD
patterns were assigned to three main types; rhom-
bohedral-hexagonal, orthorhombic and an orthor-
hombic intermediate of these two types (denoted ‘in-
termediate’), from comparisons with the literature [9].
As the chromium content increases, the orthorhombic
intermediate phase is seen to shift to lower sintering
temperatures. The classical orthorhombic structure
was observed for the y = 0.3 sample at 1573 K and
above.

In accordance with Takeda et al. [9], it can be
postulated that the lanthanum deficient samples
examined in this work had a high oxygen excess, due
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Figure | Phases observed at various temperatures for the LMCr
system.
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to the rhombohedral phase being observed. A de-
crease in cell volume, with increase in oxygen, is evid-
ence of cation defects rather than interstitial oxygen
because of the smaller radius of Mn** [10]. Low
Mn** content is characterized by an orthorhombic
symmetry, with high distotrtion from the ideal perov-
skite. This is caused by ordering of Jahn-Teller dis-
torted Mn>*Og octahedra. The 3¢, state for oc-
tahedral Mn(Ill), because of the odd number of
¢, electrons (d*), is subject to Jahn-Teller distortion,
and this is often observed as a considerable elongation
of the two trans bonds. The ordering is then broken
when the Mn** concentration increases, resulting in
different orthorhombic patterns and rhombohed-
ral-hexagonal symmetry at high Mn** content, with
only the low spin d* state. These outlined structures,
are seen when the La:Mn ratio is equal to one, but
when the ratio deviates, different patterns are ob-
served. A comprehensive account of these is given by
van Roosmalen et al. [11]. The phase transition from
orthorhombic to thombodhedral-hexagonal shifts to
a lower temperature for higher values of §, due to the
effective change in Mn** content with different an-
nealing regimes.

When B site substitution occurs, the change in the
A-O/B-0O averaged bond distance ratio, affects the
observed phases [10]. As the ratio increases for the
LaMnO; and LaCrOj; systems, the rhombohed-
ral-hexagonal phase is favoured. Hence, when small
ions, such as Mn** and/or Cr* ™, are introduced to the
B site, the orthorhombic to rhombohedral-hexagonal
phase transition is lowered, as is seen in Fig. 1. The
p-type conductivity in these systems is characterized
by an overall increase in the Mn** ions and therefore
the charge carrier concentration [12].

Conductivity of the LMCr series (from z = 0-0.5) is
shown in Fig. 2. With increasing z, the electronic con-
ductivity was found to decrease, due to a decrease in
the Mn concentration on the B sites which are thought
to dominate the conduction process.

After assessing the effect of Cr addition, it followed
to examine the effect of A site substitution in an A site
deficient system, with Cr content z = 0-0.15. By de-
creasing the La: Mn ratio, and introducing Sr*>” ions
onto the A site, an increase in Mn*" concentration
was expected, and hence an increase in electronic
conductivity [12]. B site substitution in the LSMCr
series showed a distinct structural change from the
orthorhombic structure (at z = 0) to the hexagonal
(at z > 0), based on LaAlO; (R3c), with -decreased
distortion as described by Takeda et al. [9]. There was
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Figure 2 Electrical conductivity of the LMCr system at 1273 K.



TABLE I Lattice parameters for the (La, ,Sr, ,), (Mn, _,Cr,O, system. Numbers in parentheses indicate standard deviations.

z ax 10”1 (nm) bx 107! (nm) cx 1071 (nm) Structure Cell volume nm?
0.0 5.455(6) 5.508(2) 7.730(7) Orthorhombic 232.7(4)
0.05 5.511(3) - 13.38(1) Hexagonal 352.0(5)
0.1 5.506(2) - 13.351(8) Hexagonal 350.6(3)
0.15 5.508(2) - 13.357(8) Hexagonal 350.9(3)

TABLE 11 Lattice parameters for the (Lao sCag s)o.oMn; —,Cr,O; system. Numbers in parentheses indicate standard deviations

z ax 107! (nm) bx 1071 (nm) cx 107! (nm) Structure Cell volume nm?
0.0 5421(3) 5.410(2) 7.656(5) Orthorhombic 224.502)
0.05 5.377(6) 5.407(5) 7.65(1) Orthorhombic 222.4(5)
0.1 5.416(3) 5.405(2) 7.645(6) Orthorhombic 223.8(2)
0.15 5.4202(5) 5.4145(4) 7.646(1) Orthothombic 224.41(4)
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Figure 3 Temperature dependence of electrical conductivity for
(Lag.s570.2)0.0Mn; - .Cr,Os.

also a general decrease in the observed cell volume,
with increasing Cr content, as shown in Table I. This
can be explained by an ionic size effect of the smaller
Cr** ion. Lattice parameters, calculated using a least
squares analysis program, are presented in Table L.

The LCMCr systems all displayed orthorhombic
structures similar to the (Lag.gSrg.3)0.0MnO; com-
position. A small amount of the secondary phase,
CaMnO;, was observed in the compositions
z = 0,0.05 and 0.1, with a slight increase in intensity
with increasing z. Lattice parameters are shown in
Table II. The cell volume initially decreased with
addition of Cr, as expected with ionic size effects,
however, a slight increase was then observed as the Cr
content increased. This could be explained by the
subsequent effect of reduction in the Mn** content
and hence an increase in the Jahn-Teller distortion as
described above. It can be postulated that this effect
was observed for the Ca doped species, rather than the
Sr doped, due to a greater Mn*™ concentration im-
parted to the LCMCr system via heavier A site dop-
ing, which can be supported by observations of electri-
cal conductivity.

Figure 4 Temperature dependence of electrical conductivity for
{(Lag.5Cag s)o.oMny - Cr,0s.

Fig. 3 shows the temperature dependence of the
electrical conductivity of LSMCr. The conductivity
of this system was semiconductive throughout the
composition range, and was rather low, being in the
region of 27-52Scm™! at 1273 K. A decrease was
observed with increasing Cr content, however the
z = 0.15 species showed almost the same behaviour
as the z = 0.05 composition at 1273 K, as can be seen
in Fig. 3.

The LCMCr system displayed much better behav-
iour than the Sr doped compositions, with values
above 70 Scm ™! at 1273 K as observed in Fig. 4. The
z = 0.05 and 0.01 samples showed much lower con-
ductivity values than the z = 0.15 sample. This is
probably due to the small amount of CaMnQOj; phase
detected in these samples, although an empirical ex-
‘pectation of gradual decrease in conductivity with Cr
addition is not always necessary, as seen in the results
of Mori et al. [5]. Obviously the non B site doped
specimen was not drastically affected by the presence
of this second phase, with a conductivity value of
approximately 160 Scm™! at 1273 K. This sample
did, however, show a change to metallic conduction
above 1273 K, with the z = 0.15 sample showing
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similar behaviour. Further work is currently being
undertaken to investigate the long term stability of
these materials for application as cathodes.

4. Conclusions

It was observed that by adding Cr, as a B site dopant
at low levels (< 20 mol %) in an A site deficient, A site
doped lanthanum manganite system, the electrical
conductivity was not particularly adversely affected.
Because advantages do arise from such a system, over
the undoped material, this configuration should be
considered as one for application as an air electrode in
a SOFC.
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