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Abstract

The crystalline structure, redox stability and electrical conductivity of LaCrO;, (La;_,M,)CrO; (M =Mg, Ca, Ba for x=0.3 and M = Sr for
x=0.25), and (Lag75S1925)(CrosMngs5)Os (LSCM) perovskites are studied from 500 to 800°C in both oxidizing and reducing atmospheres.
Dopability, redox stability and electrical conductivity are compared and examined. A-site doping with alkaline elements is found to improve
significantly the electrical conductivity, particularly if properly doped. The highest conductivity is obtained with Ca- and Sr-doped LaCrO;. A-site
doping also reduces the activation energy of the electrical conductivity, particularly under a reducing environment. Preliminary electrochemical
results indicate that Ca-doped LaCrO; shows promise as a cathode for solid oxide fuel cells.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are a subject of vigorous
research as a new power generation technology due to their low-
greenhouse gas emissions, high efficiency and fuel flexibility. A
SOFC stack has four basic components: Ni-yttria stabilized zir-
conia (Ni-YSZ) cermet anode, YSZ electrolyte, (La,Sr)MnO3
cathode, and LaCrOj3 interconnect [1]. A Ni-YSZ cermet anode
works well when fed by hydrogen, but suffers from coking and
sulfur poisoning when fed by natural gas, which is a more read-
ily accessible fuel [2]. Hence, considerable efforts are being
made world-wide to develop a SOFC that operates directly with
hydrocarbon fuels such as natural gas.

Two approaches are generally being explored: (i) internal-
reforming of natural gas to form syngas (H; and CO) or (ii) using
alternative anode materials with high-electrocatalytic activity
to oxidize directly methane and high resistance and tolerance
towards carbon deposition and sulfur poisoning. In the sec-
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ond approach, lanthanum chromite-based perovskites attract
special interest and yield some promising results [3—8]. Tao
and Irvine [3] investigated the electrochemical activities of the
quadruple oxide, (La,Sr)(Cr,Mn)O3 (LSCM), as a SOFC anode
material and found that the power performance of a single cell
fed by methane was comparable to a standard cell with a Ni-
YSZ cermet anode when fed by H,. Our recent studies [6,7]
have shown that LSCM/YSZ composite anodes have low activ-
ity towards carbon deposition and the electrocatalytic activity
can be significantly enhanced by impregnation of nano-sized
Gd-doped ceria particles. LSCM/YSZ composites also show
reasonable electrocatalytic activity for the oxygen reduction
reaction [9].

In this work, we examine in detail the effect of A-site doping
on the electrical properties of lanthanum chromite oxides with
special reference to potential application as SOFC electrodes.
Besides Sr, alkaline earth (AE) elements such as Mg, Ca and
Ba are chosen as A-site dopants in LaCrOs3. For the purpose
of comparison, the electrical conductivity of (La,Sr)(Cr,Mn)O3
is also studied. The effect of doping and microstructure on the
electrical conductivity properties of the lanthanum chromites is
discussed.
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2. Experimental

LaCrOs3 and (La;_xM,)CrO3z (M =Mg, Ca, Baforx=0.3 and
M = Sr for x=0.25) powders were prepared by the conventional
solid-state reaction method. The starting chemical powders
were LayO3 (Sigma—Aldrich, 99.9%), MgO (Fluka, >98%),
CaCO3 (Fluka, >99%), SrCO3 (Merck, precipitated), BaCO3
(Fluka, >98.5%), Cr,O3 (Merck, anhydrous) and MnCOj3
(Sigma—Aldrich, 99.9%). Given amounts of the starting raw
chemicals were weighed and ball milled for 4h and then
calcined at 1200 °C. The resulting powders were pressed uni-
axially into a bar of dimensions 26 mm x 8 mm x 5 mm and
sintered at 1600 °C for 5h in air (LLag 75Sr¢.25)(Crg sMng 5)03
(LSCM) powder was prepared and sintered under the same
temperature.

Conductivity (o) measurements were performed with a four-
probe d.c. method within a temperature range from 500 to 800 °C
in oxidizing (air) and a reducing (10 vol.% H/90% N») envi-
ronment. Platinum paste was used as a current-collector and Pt
wire was used as current and voltage probes. The voltage was
measured under a constant current. The measurement in air was
started from 500 °C and increased to 800 °C with a step size of
50 °C. The atmosphere was then switched to 10% H;/N» and the
electrical conductivity was measured from 800 to 500 °C with a
step size of 100 °C. At each step, the temperature was held until
the measured voltage became stable.

Preliminary electrochemical measurements were taken on
selected doped LaCrOs3 in a three-electrode, half-cell polariza-
tion test. Doped LaCrOj; electrodes were applied to YSZ discs by
slurry painting and sintered at 1200 °C in air for 2 h. Platinum
paste was painted on to the other side of the electrolyte disc
to make the counter and reference electrodes. Platinum mesh
was used as the current-collector for both the working and the
counter electrodes. The airflow rate was 100 mL min~!. Elec-
trochemical impedance spectra of the cathodes were recorded at
open-circuit with a 10 mV signal amplitude over the frequency
range 0.01 Hz to 1 MHz, using a Solartron 1260 frequency
response analyzer in conjunction with a 1287 electrochemical
interface. The electrode interface (polarization) resistance (Rg)
was directly measured from the differences between the low and
high frequency intercepts on the impedance axis.

X-ray diffraction (Philips MPD 1880 Diffractometer) was
employed to characterize the crystalline structure and exis-
tence of the dopant phase in powders after calcination. The
phase change before and after the conductivity measurement
in a reducing atmosphere was also examined. Scanning electron
microscopy (Leica S360) was used to examine the microstruc-
ture of the specimens. Thermal expansion coefficients (TEC) of
the materials were also examined by thermomechanical analysis
(TMA 2940, TA Instruments).

3. Results and discussion
3.1. XRD characterization

Fig. 1 shows XRD spectra for the perovskite oxides
before and after conductivity measurement in 10% H3/N»

(Lag 75Srg.25)CrOs3, (Lag70Bag 30)CrO3 and LSCM have a R3-C
symmetry, while LaCrO3 and (Lag70Cag30)CrO3 are in space
group Pnma. Among the AE elements under the present study,
the ionic radius of Ca is closest to that of La [10]. This may
account for the fact that (Lag79Cag 30)CrO3 and LaCrO3 share
the same space group. When larger cations are doped into the
LaCrOs lattice, especially at high concentration, significant lat-
tice distortion will result in reorganization of the ions and hence
different symmetry of the lattice. The phase at room tempera-
ture changes from hexagonal to rhomohedral polymorphs (both
with R3-C symmetry) in Sr-doped LaCrO3 when the Sr doping
concentration increases beyond 20 at.% [11,12].

Most powders show a perovskite structure within the sensi-
tivity of XRD measurement, except Mg- and Ba-doped LaCrOs.
In the case of (Lagp70Mgo.30)CrO3z, MgCr;Oy4, spinel phase was
detected in addition to the perovskite phase, probably due to the
small ionic size of Mg. The ionic radius of Mg with a coordina-
tion number (CN) of 8 is 0.89 A [10], i.e., about 23.3% smaller
than the La>* with the same CN (»Y1! 1.16 A). Considering

La3+’
the Goldschmidt tolerance factor t = ra + ro/ ﬁ(rB + ro) for
a perovskite structure [13], the ionic radius available for Mg?*
can only bring the tolerance factor to slightly higher than 0.8, i.e.,
significantly below unity. This indicates a rather high mismatch
between the bond lengths and a large distortion of the perovskite
structure. Thus, the small Mg cation has preference to occupy
the B-site rather than the A-site in LaCrO3, as confirmed by the
first-principle defect structure calculation [14]. In the literature,
Mg?* is often chosen to dope the B-site [15—19]. Hence, doping
Mg results in a deficiency of A-site cations. Even though the
perovskite structure is known to be able to accommodate cation
or anion deficiency to some extent, the extra B-site cations dis-
solve from the perovskite lattice, to form a MgCr,O4 secondary
phase.

A high mismatch between bond lengths does not apply to
Ba-doped LaCrOs. The ionic radius of Ba** (r§;£+ 1.61 A) [10]
yields a tolerance factor of 1.06, which is close to unity. In
fact, BaCrO3 does have a perovskite structure. The secondary
phase (BaCrO4 also in Pnma) is probably due to the limited
solubility of Ba in the LaCrO3 perovskite lattice. To clarify the
solubility limit of Ba in the LaCrO3 structure, powders with
lower doping levels (5 and 10 mol%) of Ba in LaCrO3; were pre-
pared and calcined at 1200 °C for 5h in air. Fig. 2 shows the
XRD patterns of (La,Ba)CrO3; with different Ba doping levels.
(Lag.95Bag 95)CrO3 shows only a perovskite phase and as the Ba
concentration increased to 10 mol%, additional XRD peaks are
detected (Fig. 2b). The additional XRD peaks are identified as
the BaCrO4 phase [20]. This indicates that the solubility of Ba
in LaCrOs3 is probably below 10 mol%.

To study the redox stability of the perovskite powders, bar
samples after sintering were ground to powders and exposed to
10% H»/N; at 800 °C for 12 h. The powders were then character-
ized by means of XRD and the results are presented in Fig. 3. No
visible decomposition of the chromite oxides under the condi-
tions of this study was observed, which indicates the high-redox
stability of the materials. In particular, in the case of Ba-doped
LaCrOs3 the peaks associated with the secondary BaCr,O4 phase
become less significant after exposure in a reducing environment
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Fig. 1. XRD spectra for perovskite oxides before (upper spectrum) and after (lower spectrum) conductivity measurement in 10% Hy/N»: (a) LaCrOs, (b)
(Lap7Mgo.3)CrOs3, (c) (Lag7Cap 3)CrO3, (d) (Lag.7Bag3)CrO3, (e) (Lag.75S510.25)CrO3 and (f) (Lag.73Sr0.25)(Cro.sMng 5)03.

for a short period. This may indicate the increased solubility of
Ba in LaCrO3 under a reducing environment.

The redox stability of doped chromites is probably due
to the high-chemical stability of Cr’* at the B-site of
the perovskite among the first row transition metal system
(Cr¥* > Fe3* > Mn3* > Co’*) [21,22]. Redox stability provides
these materials with the potential to be used as anodes for
SOFCs.

3.2. Conductivity measurement

The conductivity of doped LaCrO3 was measured in the tem-
perature range of 500-800 °C in air and in 10% H,/N,. Fig. 4
shows typical time responses of a doped LaCrO3 (e.g., LSCM)
as a function of temperature change in air and in 10% H»/N>.
The responses were relatively fast, which demonstrates a quick
establishment of the equilibrium with the increase in temper-
ature. But there is a significant drop in conductivity when the
atmosphere is switched to 10% H»/N» (Fig. 4b). The responses
are relatively slower compared with that in air, probably due to
the slow kinetics of the surface reaction with H;.

As shown in Fig. 4, the conductivity of doped LaCrO;
increases with increase in temperature, indicating a thermal-
activated process. The activation energy can thus be calculated
according to:

E, |
—RT) (1

0T=Aexp<

in which E, is the activation energy, R and T are the gas con-
stants and the absolute temperature, respectively. Fig. 5 is the
activation energy plots of the conductivity values of the oxides
measured in air and in 10% H»/N;. As the Mg cation has prefer-
ence to occupy the B-site rather than the A-site in LaCrOs3 [14],
the conductivity for Mg-doped LaCrOs3 is not shown in figure.
Nevertheless, the conductivity values for a nominal composition
of (Lag7Mgo.3)CrOs3 are low. For example, at 800 °C, the mea-
sured conductivity of (Lag7Mgp.3)CrO3zis2.21 and 0.11 S cm™!
in air and in 10% Hj/N», respectively. The activation energy
calculated from the slopes of the curve and the conductivity at
800°C are listed in Table 1, for both oxidizing and reducing
environments.
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Fig. 2. XRD spectra of (La;_,Ba,)CrO3 with different Ba doping levels of (a)
5mol%, (b) 10 mol% and (c) 25 mol%.

Pure LaCrOs3 is a p-type conductor [23,24]. As Cr3* is able
to maintain a six-fold coordination (CN=6) with oxide ions
[3], little anion deficiency, and hence little contribution from
ionic charge carriers to the conduction, can be expected. Earlier
studies on undoped LaCrOs indicate that their electrical conduc-
tivities are essentially due to the 3d band of the Cr ions through
the formation of cation vacancies [25,26]. Even though an oxide-
ionic leak current was proposed for the LaCrO3 separator in the
O, potential gradient [27], only steady-state properties are con-
sidered in this work. Hence, in our discussion in A-site doping,
we will focus on the electronic conduction within the electronic
band structure frame.

From Table 1, the conductivity of pure LaCrO3 perovskite
is quite low in either an oxidizing or a reducing environment.
In general, doping AE elements at the A-site in LaCrO3 does
improve the o value of the oxide. Especially, doping Ca and

Table 1
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Fig. 3. XRD spectra for perovskite oxide powders after redox stability
tests in 10% Ha/N, at 800°C for 12h: (a) LaCrOs, (b) (Lag7Mgo3)CrO3,
(¢) (Lag7Cap3)CrO3, (d) (Lag7Bag3)CrOs, (e) (Lag75Sr0.25)CrO3 and (f)
(Lag.73510.25)(Cro.sMng 5)O3.

Sr at the A-site enhances the o value by two orders of magni-
tude. Doping bivalent AE elements may introduce a Cr>* to Cr**
transition [18] and hence more electronic holes in the valence
band maximum primarily composed by O-2p level, which is a
common process for a charge-transfer type insulator with redox
transition metals like Cr and Mn. Recent ab initio calculations
of the electronic structure of La;_M,CrO3_,» with M=Ca,
Sr and Ba show that doping Ca, Sr and Ba will increase the
charge population near the top of the valence band and reduce
the energy band gap of LaCrO3, resulting in an improvement in
the electrical conductivity [28].

With an increase in the charge carriers in the material, the
electronic conductivity, the product of carrier mobility (u) and
concentration (n), is expected to increase. However, with a heavy
doping of 25%, the effect of doping on the conductivity depends
not only on the compensate ion effect due to the interaction
between p and n, but also on the strain caused by the high-
doping level. When Ba is doped into the LaCrO3 lattice, large

Conductivity and activation energy measured in air and in 10% H3/N> in temperature range of 500-800 °C: oy, C. corr 18 Porosity-corrected conductivity values and

thermal expansion coefficients (TEC) are measured from 300 to 1000 °C in air

Oxides og00°c (Sem™h) Th00°C.com (SCM™) E, Jmol™h) Impurity ~ Relative density (%) ~ TEC (x10=¢°C~1)
Air 10% Hz Air 10% Hz Air  10% H,
LaCrOs 033 0.09 096  0.26 19.1 1380 67 113
(Lap7Mgo,3)CrOs? 221 0.11 335 017 159 936 MgCr,04 83 9.9
(Lag7Cag 3)CrO3 351 LI2 501 1.6 105 383 85 115
(Lag7Bag3)CrOs 226 - 269 - 144 - BaCr,04 92 12,5
(Lag.75S10.25)CrO3 260 311 591 7.07 100 320 72 116
(Lag.75S10.25)(Crg5sMng 5)O3 253 0.20 28.8 0.22 26.1 67.8 >94 12.0

4 Mg cation has preference to occupy the B-site rather than A-site in LaCrO3 [14].
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Fig. 4. Typical time responses of (Lag 73Sro25)(Cro.sMng 5)O3 as a function of
temperature change in (a) air and (b) 10% H,/N,.

strain can be expected as the ionic radius of Ba (/X1 | 1.61 A)

Ba2t’

is about 18.4% larger than that of La (rﬁg +, 1.36 A). The large
mismatch between the La lattice and the doped Ba could intro-
duce distortion of the lattice, which may increase the scattering
effect of the charge carriers and hence decrease the conduc-
tivity. This is also true for doping with Mg, which has an ionic
radius of 0.89 10\, i.e., about 23.3% smaller than that of La* with
the same coordination number (rﬁgfr 1.16 ;\). Furthermore, as
indicated by XRD analysis, the existence of secondary phases
in both (Lag 70Mgo 30)CrO3 and (Lag 70Bag 30)CrO3 may intro-
duce another scattering mechanism for the charge carriers and
further reduce the electrical conductivity. Both lattice distor-
tion and the existence of secondary phases explain the relatively
low improvement in the electrical conductivities in Mg- and
Ba-doped LaCrOj3 (Table 1).

Among all the perovskite oxides in this study, Ca- and St-
doped LaCrO3 have the highest o values, namely, at least two
orders of magnitude higher than that of undoped LaCrOs3. The
activation energy of the electrical conductivity of undoped and
doped LaCrOj is in the range of 10-20kJmol~!, similar to
the activation energy reported for other lanthanide chromites
[29]. On the other hand, the relatively high activation energy
of (Lag75S19.25)(Cro.50Mng.50)O3 may indicate a different role
played by A- and B-site cations. The different roles played
by A- and-B site (transition metals) ions on the physical
properties of perovskites has been well explained in a ZSA
(Zaanen—Sawatzky—Allen) framework [24,30-33] and further
confirmed by electronic band structure and density of states
calculations [34-37].
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Fig. 5. Activation energy plots of electrical conductivity for undoped LaCrO3,
doped LaCrO3, and (Lag 73Sr.25)(Cro 5sMng 5)O3 perovskites in (a) air and (b)
10% H/N,.

In a reducing environment, all oxides show significantly
reduced electrical conductivity compared with that in air
(Fig. 5b). A decrease in conductivity is commonly observed in
p-type conductors when the oxygen partial pressure is reduced,
probably due to the easier formation and hence higher concentra-
tion of oxygen vacancies under a reducing environment. Acting
as a donor, an oxygen vacancy partially decreases the effect of
AE doping on the electrical conductivity of LaCrOs. It is noticed
that Ca-doped LaCrO3 shows the highest conductivity, consis-
tent with the observation of Mori et al. [18] for A-site doping
in lanthanum chromites. As mentioned in [18], the reason may
be related to the difference in the formation energy of oxygen
vacancies in Sr- and Ca-doped LaCrOs. In the case of LSCM,
the electrical conductivity decreases dramatically in 10% H,/N»
(two orders of magnitude) in comparison with the A-site doped
LaCrOj3 (a reduction by one order of magnitude). If the relation
between the decrease in conductivity and oxygen vacancy for-
mation is valid, the result shows a higher capability of Cr3* ions
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Fig. 6. SEM micrographs of perovskite oxide specimens sintered at 1600°C for 5h in air: (a) LaCrOs, (b) (Lagp7Mgp3)CrOs3, (c¢) (Lag7Cap3)CrOs, (d)

(Lag.7Bag3)CrOs, (e) (Lag.75Sr0.25)CrO3 and (f) (Lag.73S10.25)(Cro.sMng 5)O03.

to maintain a six-fold coordination with oxide ions than that of
Mn3* jons.

3.3. Microstructure and preliminary electrochemical results

Fig. 6 shows SEM micrographs of various oxide conduc-
tivity specimens after sintering at 1600°C for 5h in air. It
is noted that undoped and A-site doped LaCrO3z samples are
porous and LSCM is much denser. This shows that lanthanide
chromites have poor sinterability and are very difficult to den-
sify under atmospheric conditions. Thesa results also suggest
that Mn-doping at the B-site significantly promotes the sinter-
ing of lanthanum chromites. The porosity of the samples was
estimated by analyzing the cross-section SEM image of each
sample with Image-Pro Plus, an image analyzing software. The
relative densities were estimated as the average ratio of solid to
total area of several SEM images and the results are listed in
Table 1. Samples with only chromium at the B-site are rather
porous with relative density values lower than 90%. Hence, the
true o of the doped chromites would be higher than the mea-
sured values. However, the effect of porosity on the o values

can be taken into account by correcting the measured apparent
conductivity (o4pp) by means of the following equation [38]:

S @)
2 (dre1/100 — 0.5)

Ocorr =

where oo is the porosity-corrected conductivity and dy) is the
relative density. The corrected o values at 800 °C are also given
in Table 1. In general, the magnitude of oo and o values is
more or less the same.

As shown in Table 1, doping at the A-site reduces the activa-
tion energy of the electrical conductivity in 10% H»/N,, while
the effect on the activation energy of electrical conductivity in
air is relatively small. In the case of A-site doping, E, is related
to the AE acceptor level and to the activation energy for mobility
[24]. As undoped and doped LaCrO3 perovskites are p-type con-
ductors with O-2p as the valence band maximum, £, may mainly
reflect the relative positions of defect levels. On the other hand,
substituting Mn for 50% Cr at the B-sites in (Lag 75Srg25)CrO3
increases the activation energy of the electrical conductivity
in 10% H»/Nj in comparison with that of (Lag75Srp25)CrO3
(E, is 67.8kJmol~! for LSCM and 32kJmol~! for Sr-doped
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Fig. 7. Electrochemical impedance responses measured on LaCrOs; and
(Lag.70Cag30)CrO3 at 800°C in air. The cathodes sintered at 1200 °C in air
for 2 h.

LaCrOs3). The variation in E, for doped lanthanum chromites
may also suggest that doping at the A-site plays a different role
from that of doping at the B-site. E; for the doped LaCrO3 per-
ovskites in a reducing environment is much higher than that in
air. This could result from the effect of oxygen vacancy forma-
tion.

Finally, preliminary measurements were made of the elec-
trochemical performance of LaCrOs; and (Lag70Cag30)CrOs.
Fig. 7 shows the impedance responses for the oxygen reduction
reaction on LaCrOs and (Lag 70Cag 39)CrOj3 cathodes at 800 °C
in air. The impedance responses for this reaction on undoped
and Ca-doped LaCrOs3 are characterized by a depressed arc, an
indication of multi-step processes. For the reaction on undoped
LaCrOs, the electrode polarization resistance is 45.3 Q cm?
whereas it is 6.3  cm? on Ca-doped LaCrOj3. The substantially
reduced electrode polarization resistance for oxygen reduction
on (Lag 70Cag.30)CrOs, in comparison with that on LaCrOs, indi-
cates that A-site doping enhances the electrocatalytic activity of
the lanthanum chromites for fuel cell reactions. As shown by
Ruiz-Morales et al. [9], the electrocatalytic activity of doped lan-
thanum chromite electrodes can also be significantly enhanced
through the formation of doped LaCrO3/YSZ composites.

4. Conclusions

The electrical conductivities of LaCrOs3, (La;_,M,)CrOj3
(M=Mg, Ca, Ba for x=0.3 and M=Sr for x=0.25), and
(Lag.75S10.25)(Crg 5sMng 5)O3 perovskites are measured from
500 to 800°C in both oxidizing and reducing atmospheres.
A-site doping is found to be effective in improving the elec-
trical conduction of LaCrO3 in both environments, particularly
if properly doped. With a decrease in pO,, the electrical con-
ductivity of undoped and doped LaCrOs3 perovskites decreases
while the activation energy increases, probably due to the for-
mation of oxygen vacancies under a reducing environment. The
high-electrical conductivity of Sr- and Ca-doped LaCrO3, partic-
ularly in air, and their preliminary electrochemical performance
demonstrates their potential as cathode materials for solid oxide
fuel cells.
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