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Electrical conductivity and Seebeck coefficient
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Electrical conductivity and Seebeck coefficients of (La, Ca) (Cr, Co)O, were measured as a
function of temperature. The electrical conductivity as measured in air from 100 to 1100°C
increased with increasing Co and Ca content. The Seebeck coefficients were positive,
indicating p-type conductivity. The substitution of Co for Cr significantly decreased the
Seebeck coefficients, indicating that the substitution resulted in an increase in site occupancy,
associated with the Co. The additional Ca substitution for La resulted in further decrease in
the Seebeck coefficients, then exhibited a temperature-independent behaviour, indicating that
the carrier mobility, rather than carrier concentration, was thermally activated. The activation
energies were 0.18 and 0.25eV for LaCrO, and LaCoO,, respectively, and increased to about
0.50 eV with substitution of 10 mol% Co for Cr and then linearly decreased as Co content

increased.

1. Introduction

The search for materials that possess the chemical
stability and electrical conductivity required in high
temperature solid oxide fuel cell (SOFC) applications
has led to the investigation of the substitutionally-
mixed (La, Sr) (Cr, Mn)O; [1] and (La, Ca) (Cr, C0)O;,
[2] systems. LaCrO5 and LaCoO; belong to a class of
materials known as pseudo-perovskites. The basic
perovskite structure is represented by the formula
ABOj; in which A, the large cation site, may be an
alkali, alkaline earth or rare earth ion, and B repre-
sents a transition metal cation. This system involves
pseudo-perovskites because their structures deviate
from the ideal cubic perovskite structure (i.e. thombo-
hedral and orthorhombic). This system involves com-
pounds prepared with both Cr to Co B-site ions in an
attempt to retain in the compounds the desirable prop-
erties found in the end members (e.g. LaCoO;—high
conductivity and sinterability, LaCrO;—chemical
stability). Ca is also substituted as an acceptor to the
parent La A-site cations in order to increase the small
polaron carrier concentration found on the B-site
cations in accordance with the Verway controlled
ionic valency principie [3]. Ca also enhanced the
sinterability of compounds [4].

LaCrOj exhibits a thermally-activated high tem-
perature electrical conductivity due to p-type small
polaron hopping among the B-site cations and is
stable to high temperatures over a wide range of
oxygen partial pressures. LaCoO; apparently con-
ducts via the same mechanism as LaCrOj; but with a
significantly greater conductivity.

Our recent results on La, _ Ca Cr;_,Co,0; have
shown that the compositions with 0.1 < x < 0.3 and
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0.1 < y < 0.3 can be sintered to densities above 94%
theoretical density (TD) in air at 1400°C and below.,
The improvements in densification resulted from the
formation of a transient liquid phase. The composi-
tion of the liquid phase was dependent upon the
amount of Co and Ca substitution. The liquid phase
dispersed along the grain boundaries and formed
the solid solution with the parent structure. There-
fore, it did not alter the chemical stability of the
materials if the Co substitution for Cr was kept lower
than 30 mol %; otherwise, the stability against reduc-
tion at high temperature was diminished [2]. It was
therefore desirable to investigate the electrical proper-
ties of solid solutions of (La,Ca) (Cr,C0)O;.

The objectives of the present investigation are to
provide data on electrical conductivity and Seebeck
coefficient for the (La,Ca) (Cr,Co)O, system, and to
evaluate the results in terms of the small polaron
model.

2. Experimental procedure

Specimens in the (La, Ca) (Cr, Co)O, system were
prepared by a polymer precursor method similar to
that first described by Pechini [5]. The starting chem-
icals were La and Ca carbonates and Cr and Co
nitrates. All chemicals were reagent grade materials
and were standardized by thermogravimetric methods
to determine the actual cation contents. The desired
compositions were prepared by dissolving measured
amounts of selected carbonates and nitrates in solu-
tions of citric acid, ethylene glycol and water. The
mixtures were heated on a hot plate at about 95°C
until polymerization had occurred. Subsequent hea-
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ting at higher temperatures resulted in the decomposi-
tion of the polymer resin and allowed conversion into
the desired oxide. Final calcination was carried out at
850°C for 8 h. The resulting powders were milled and
subjected to X-ray diffraction to ensure that they were
single phase. The powders were pressed into bars with
the aid of PVA and water binder; compaction pressure
of 2500 kgem ™2 yielded 0.6 x 0.4 x 3.0 cm bars with
density of 52% of theoretical. Densification was con-
ducted at 1400 °C for 10 h in a SiC heated box furnace.
Bulk densities of compositions measured by the liquid
(Freon) displacement technique were about 96% of
theoretical.

Electrical conductivity and thermoelectric power
measurements were made simultaneously in an appar-
atus which could measure three samples at a time. For
these measurements the samples were cut into bars of
dimensions 0.3 x 0.3 x2.0 cm and electroded with Pt
paste. The specimens were mounted between two
platinum blocks, which had Pt-10% Rh/Pt thermo-
couples as clectrical contacts. Pt wire heater was
wound on the lower end of the holder to generate the
temperature gradient along the vertical direction.
Three sets of specimens and holders were contained in
Al,O, tubes within a MoSi furnace, where temper-
ature was controlled by a Eurotherm temperature
controller. The Seebeck coefficient was determined by
measuring temperature gradients and thermal EMFs
through the common leads of the thermocouples.
Electrical conductivity measurements were made us-
ing the two-probe, four-wire Kelvin technique in
which two leads carry the test signal (1 mA) and the
other two measure the voltage drop. The measure-
ments were made using a data logger (Hewlett
Packard 3497A data acquisition/control unit) which
employs an HP-85 computer both as a control and
read-out device. More details on this apparatus are
available in Reference 6.

3. Results and discussion

Conduction in LaCrO; and LaCoOj is thought to
occur by the diffusion of p-type small polarons among
Cr or Co ions. A polaron is associated with a particu-
lar Cr or Co site if the ion is in the + 4 valence state,
rather than the stoichiometric + 3 valence state. The
polaron hopping is characterized by a thermally
activated mobility. When the concentration of small
polarons is independent of temperature, the high
temperature conductivity is expected to take the form

o = A/T*exp (— E,/kT) 1)

where A is both a charge carrier concentration and
material constant, T is the absolute temperature, s = 1
in the adiabatic limit and s = 3/2 in the non-adiabatic
regime, E, is the activation energy, and k is the
Boltzmann constant. Therefore, for materials which
obey the small polaron mechanism, Arrhenius plots
are expected to be linear, with a slope proportional to
the activation energy associated with small polaron
hops. For this study, the adiabatic form was used to
analyse the conductivity data. It has been determined
that this is the correct form for LaCrO; [7].
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The electrical conductivity data for LaCr; _ ,CO,0,
are shown in Fig. 1, as log (o) as a function of reciprocal
temperature. As can be seen, the electrical conductiv-
ity increases with increasing temperature and Co con-
tent. Fig. 2 shows the electrical conductivity at
1000°C plotted as a function of Co content. The
electrical conductivity at 1000°C increases slowly
when the Co content is less than 50 mol %, after which
it increases sharply with further increase in Co con-
tent, indicating a sharp increase in the mobility or
carrier concentration. The electrical conductivity is
also plotted according to the small polaron model as
log (6 T) versus reciprocal temperature in Fig. 3. The
end members of the series, LaCrO; and LaCoO;,
exhibit small polaron behaviour over a wide temper-
ature range (see Fig. 3) and have very similar activa-
tion energies. The conductivity of undoped LaCoQy is
about 200 times greater than that of LaCrOj;. A least
squares fit to the data gives an activation energy of
0.18 eV for LaCrO; and 0.25¢V for LaCoQOj,. The
linearity of the data for the end members over such an
extended temperature range is consistent with the
earlier identification of the conductivity in these ma-
terials as being due to a temperature-independent
concentration of p-type small polarons [7, 8]. In spite
of the larger intrinsic electronic conductivity of
LaCoQj, a small substitution of Co for Cr in LaCrO,
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Figure 1 Electrical conductivity of LaCr; _ ,CO,0; as a function of
Co content and temperature. O,y =0.0; 0,y =0.1,0,y =02; A,
y=03@,y=05<C,y=07 R, y=10
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Figure 2 Electrical conductivity at 1000°C as a function of Co
content,



results in a sharp drop in low temperature conductiv-
ity from that exhibited by either end member (see
Fig. 1). This minimum, which at room temperature is
more than three orders of magnitude below that of
LaCrOj, occurs at a Co concentration of 10 mol %. In
addition, these small substitutions of Co result in a
non-linear temperature dependence with increased
slope. The maximum slope observed occurs in the
10 mol % Co composition and corresponds to an
activation energy of 0.47¢V. As can be seen from
Fig. 4, the activation energy increases with Co content
to a maximum at 10 mol % and then linearly de-
creases as Co content increases. The substitution of
small amounts of Co for Cr has been found to cause
the room temperature electrical conductivity to drop
orders of magnitude below that of either end member
and increase in activation energy. This behaviour is
attributed to a lower small polaron site energy at the
Co sites as compared to Cr sites. The lower energy Co
sites act as traps for carriers diffusing among Cr sites.
Therefore, the activation energy for conduction is
increased from that of LaCrOj;. At higher Co concen-
trations, direct transport among Co sites becomes
possible and the conductivity increases and activation
energy decreases.
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Figure 3 Log (cT) versus reciprocal temperature for
LaCr;_,Co,0;. (The solid lines are calculated by the least squares
method.) B,y =00; A, y=01,0,y=02,y=03;0,y=0.5;
@®, y=07 <, y=10.
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Figure 4 Activation energy for conductivity versus Co content.
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Figure 5 Electrical conductivity of La;_ Ca,Cr,Co,,0; as a
function of Ca content and temperature. O, x = 0.0; A, x = 0.1; TJ,
x =020, x=0.3.
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Figure 6 Electrical conductivity of La,_,Ca,Cr;¢Coq,0; as a
function of Ca content and temperature. O, x = 0.0; A, x = 0.1; [J,
x=02;0,x=03.

The eclectrical conductivity data for La,_,Ca,-
Cry.0C04.,05, La,_,Ca Cr,3Coq,05 and La,_-
Ca, Cry ,Co0q4 ;05 (with x = 0.1, 0.2 and 0.3) are shown
in Figs 5, 6 and 7, respectively, as log (o) as a function
of reciprocal temperature. Figs 8, 9 and 10 show the
same data plotted as log (o7') versus reciprocal tem-
perature; these plots show that the conductivity obeys
the small polaron mechanism. Activation energies for
hopping were calculated from Figs 8, 9 and 10 and
plotted in Fig. 11, as a function of Ca content. As can
be seen with Ca content of 10-30 mol %, all three Co
content levels have essentially the same activation
energy. The additional substitution of Ca for La in
La(Cr, Co)O; eliminated the increase in activation
energy that was observed with Co substitution for Cr.
The substitution of 10 mol % Ca for La in the La(Cr,
Co)Oj, series increased the conductivity in LaCrO, by
approximately 10% which was anticipated in view of a
carrier density increase of 10% in accordance with
Verway’s principle. As in the case of La,; _,Ca,CrO,
and La, _,Ca,CoQOj;, the substitution of Ca for La in
LaCr, ..,Co,0; should result in the formation of Cr**
and Co** in order to preserve the electrical neutrality.
Formation of both Cr** and Co** increases the
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Figure 7 Electrical conductivity of La,_,Ca,Cry,C04105 as a
function of Ca content and temperature. O, x = 0.0; A, x = 0.1; [J,
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Figure 8 Log (oT) versus reciprocal temperature for
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Figure 9 Log (oT) versus, reciprocal temperature for
La, _,Ca,Cry ¢Coq ,0;. (The solid lines are calculated by the least
squares method.) O, x= 00; A, x=0.1; 0,x=0.2;0, x =0.3.

small-polaron concentration and decreases the activa-
tion energy for conduction. Fig. 12 shows the electrical
conductivity at 1000 °C as a function of Ca content in
La,_,Ca,Cry4Cop.,0; and La; _,Ca,Cry 5C04,05.
The electrical conductivity at 1000 °C as a function of
Ca in La,_,Ca,CrO; is included in Fig 12 from
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La, _,Ca,Cr, ,Co, ;O;. (The solid lines are calculated by the least
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Figure 12 Electrical conductivity at 1000°C as a function of Ca
content for La;_,Ca,Cr,_,Co0;. O, y=00; A, y=01 O,
y =02

Reference 9 for comparison. As can be seen, the
electrical conductivity of La, _,Ca,Cr, 4Co, ;05 and
La, ,Ca,Cry ¢Co4,05 at 1000°C is slightly higher
than that of La, _ Ca,CrO;. This is probably due to a
higher small polaron concentration in Co-containing
compositions. A possible explanation for this involves
considering the different spin states of Co®*. The low
spin (S = O) state is the most stable and predominates
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Figure 14 Seebeck coefficients of La, _,Ca,Cr, ;Co, ,0; as a func-
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Figure 15 Seebeck coefficients of LaCr, _,Co,0; as a function of
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at low temperature. Co** is not energetically favour-
able for this state. As the temperature increases, higher
spin states of Co** (S = 1, § = 2) become populated.
Therefore, the formation of additional Co*™* occurs at
1000 °C. It can be concluded that the replacement of
some of the Cr®* ions in the solid solution with Co**

ions enables the magnitude of the electrical conductiv-
ity to be controlled at low Co concentration.

Thermopower measurements were made to deter-
mine the type and concentration of charge carriers.
Figs 13-15 show Seebeck coefficient plotted as a func-
tion of temperature for La;_,Ca,Cr,,Co4 03,
La, _.Ca,Cry gCo4 ,03 and LaCr, _,Co,0;, respect-
ively. (In Fig. 15, the dotted line is taken from Refer-
ence 10 for comparison.) In LaCr; _ Co,O;, the sub-
stitution of Co for Cr significantly decreased the See-
beck coefficient, indicating that Co substitution for Cr
increases the carrier concentration. As the Co content
increased, the Seebeck coefficient was independent of
temperature, indicating that the carrier mobility,
rather than carrier concentration, was thermally activ-
ated. According to Heikes’s formula this type of beha-
viour indicates a small polaron conduction mech-
anism which agrees with the electrical conductivity
measurements. In the cases of La,_ ,Ca,-
Cry.6Co4.,05 and La, -, Ca, Cry 5Coq ,0;, introduc-
tion of Ca significantly decreased the Seebeck coeffi-
cient and resulted in a temperature-independent See-
beck coeflicient.

The site occupancy,x, of a small polaronic conduc-
tor with energetically degenerate sites can be deter-
mined by using the Seebeck coefficient and applying
Heikes’s formula,

Q = (k/e) {In[1 —x)/n)] + Q*/k} @

where k is the Boltzmann constant, e is the unit charge,
» is the fraction of hopping sites which are occupied
and Q* is the vibrational entropy per charge carrier,
estimated to be < 10uVK ™! and neglected in these
calculations. Thus, Heikes’s formula implies a temper-
ature-independent Seebeck coefficient for constant «x.
Plots of Seebeck coefficient versus temperature
(Figs 13-15) indicated that x was not constant for
compositions at the lower measurement temperatures
and low Co concentrations. Using the Seebeck data
and Heikes’s formula, the fraction of hopping sites at
1000 °C was calculated as a function of Co content
(Fig. 16). As can be seen, the fraction of occupied
hopping sites increased as a function of Co. This
behaviour agreed with the electrical conductivity.

In La,_,Ca,Cry,Co,,05 and La,_,Ca,Crgg-
Co,.,0;, introduction of Ca decreased the Seebeck
coefficient and resulted in a temperature-independent
behaviour. The Seebeck coefficient of compositions
did not change significantly as a function of Co once
Ca was substituted for La. Therefore, the Seebeck
coefficient of compositions La;_,Ca Cr, 4Coq ;0,4
and La, _,Ca,Cr, 3Coq ,0; is expected to approach
that of La, _Ca CrO, with corresponding Ca. Using
the Seebeck data and Heikes’s formula, the fraction of
occupied hopping sites at 1000 °C was calculated for
compositions as a function of Ca content (Fig. 17). The
fraction of occupied hopping sites significantly in-
creased as Ca was introduced, further increases in Ca
smoothly developed the fraction of occupied hopping
sites. It is evident that Ca enters the La site as an
acceptor, thereby increasing the conductivity, which is
consistent with Verwey’s controlled ionic valency
principle. However, the Seebeck coeflicient of com-
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positions with 30 mol % Co or less in the La(Cr,
Co)O; series exhibited a Seebeck coefficient ap-
proaching that of LaCrO, at low temperatures
(around 150°C). Samples with a higher Co content
displayed Seebeck coefficients dependent on Co con-
centration (Q decreased as the mol % Co increased.)
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4. Conclusion

The electrical conductivity as measured in air from
100 to 1100 °C increased with increasing Co and Ca
content. At 1000°C, values from 1.5Scm™! (for
LaCrj Co.,03) to 50 Sem ™! (for La, ,Cay 5Cry o-
Co,.,0;) were measured. The Seebeck coefficients
were positive, indicating p-type conductivity. The sub-
stitution of Co for Cr significantly decreased the See-
beck coefficients, indicating that Co substitution for
Cr increased the carrier concentration. Additional Ca
substitution for La resulted in a further decrease in the
Seebeck coeflicient. Seebeck coefficients then exhibited
a temperature-independent behaviour, indicating that
the carrier mobility, rather than carrier concentration,
was thermally activated.
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