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Electrical conductivity and the Seebeck coefficient of compositions in the system Y,_,Ca,MnQO; and
La,_,Ca,MnO; were studied to determine the mechanism of electrical transport and defect structure.
Electrical conduction appeared to cccur via a small polaron hopping mechanism for compositions with
0.30 = y = 0.80. The Seebeck coefficient data did not support the assumption that Mn is present in Ca-
doped Mn perovskites only in the + 3 and + 4 valence states. A new defect model was developed which
includes the thermally excited disproportionation of Mn** into Mn®* and Mn** pairs. The Seebeck
data were explained with this model by assuming that divalent Mn cations were site blockers in the

conduction process. @ 1993 Academic Press, Ing.

1. Introduction

Perovskite-type oxides are used as high-
temperature electrode materials due to their
high electrical conductivity and stability in
oxidizing atmospheres at elevated tempera-
tures. The current cathode material for solid
oxide fuel cell (SOFC) applications is Ca- or
Sr-doped LaMnO;. La, 4S5t ;Mn0;, exhibits
adequate electrical conductivity for the
cathode application (/), but its thermal
expansion is higher than that of the yttria-
stabilized zirconia electrolyte (2) and it has
limited stability in reducing atmospheres
(3). Stability in a reducing environment is
desirable given the tikelihood of crack for-
mation during operation of the cell.

Since acceptor-doped LaMnQ; is not an
ideal cathode material, other perovskite ox-
ides should be considered for this applica-
tion. LaCrQ, and YCr(; materials have
much lower electrical conductivity (4-6).
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LaCoQ; compounds can exhibit good con-
ductivity, but their thermal expansions are
too high and chemical reaction with the elec-
trolyte can rapidly degrade cathode perfor-
mance (7, 8). Given the relative success of
LaMnQO; based materials as SOFC cath-
odes, it seemed appropriate to consider the
related system Y,_,Ca,MnO;. Accordingly,
a thorough study of the electrical and ther-
mogravimetric behavior of compositions in
this system was performed. Since it is im-
portant to understand the mechanism of
electrical conduction (and therefore the de-
fect structure) of electrode materials, the
experimental data were analyzed with re-
spect to a new defect model which incorpo-
rates the thermally excited disproportiona-
tion of Mn** into Mn** and Mn** pairs.
Compositions in the La,_ Ca MnO, system
were also studied in order to extend the
model to low Ca coatents. In this paper,
the model is applied to the behavior of the
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compositions in air. The behavior in
reduced atmospheres will be discussed in
Part II.

2. Experimental Procedure

Compositions within the Y,_,Ca,MnQ,
system, y ranging from 0.00 to 1.00 in incre-
ments of 0.10, were synthesized from
yttrium nitrate, calcium carbonate, and
manganese nitrate solution via a polymeric
precursor technique (9). Calcination at 1125
K for 8 hr was followed by sintering in air
for 2 hr. Sintering temperatures were 1623
K for 0.00 = y = 0.40, 1573 K for 0.50 <
y = (.60, 1523 K for 0.70 = y = 0.90, and
1373 K for y = 1.00. Compositions in the
system La,_,Ca MnO, (y = 0.00,0.20, 0.40,
and 0.60) were also synthesized (using lan-
thanum carbonate as the La’®™ source).
These specimens were sintered in air for 2
hr at 1623 K.

The ac conductivity was measured with a
4-point, 4-wire technique using a Stanford
Research Systems SR510 lock-in amplifier
with a Hewlett—Packard Model 200 CD os-
cillator. Frequencies of 100 and 1000 Hz
were used. The applied voltage was approxi-
mately 0.5 V. Specimen resistances were on
the order of 0.1 to 1 ohm.

Seebeck coefficients were measured ns-
ing alumina holders equipped with Pt wire
coil heaters to provide the necessary tem-
perature gradients. The temperature at each
end of the specimen was measured with
Type S thermocouples while the Seebeck
voltage was measured using the Pt leg of
each thermocouple and a Keithley 197
Autoranging DMM. The Seebeck coeffcient
was determined by applying a temperature
gradient of approximately 25 K along the
length of the specimen and repeatedly mea-
suring the temperature difference and the
corresponding Seebeck voltage. In this
manner 20 points were taken, with the slope
of the resulting line determined by least-
square analysis to give the Seebeck coeffi-
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cient. This experimental Seebeck voltage
was corrected for the thermopower of Pt 1o
yield the Seebeck coefficient of the
specimen.

3. Results and Discussion

X-ray diffraction was performed on the
synthesized powders to determine the
phases present. YMnO; has two poly-
morphs, Under some conditions (primarily
at high pressure and high temperature) it is
an orthorhombic perovskite (70}, but gener-
ally it crystallizes in a hexagonal nonperov-
skite structure (/f). The lack of stability
of the perovskite form of YMnO, can be
attributed to the fact that Y** (with an ionic
radius of 1.18 A (12)) is nearly too small to
act as the A cation in the structure (compare
with La3*, with an ionic radius of 1.36 A)
when Mn is the B cation. The hexagonal
structure allows the Y** to have a smaller
coordination number more suitable to its
size. After calcination at 1123 K, the YMnO,
end member appeared to exist in both the
hexagonal nonperovskite and orthorhombic
perovskite phases. X-ray diffraction of pow-
der which had been recalcined at 1473 K
revealed only the hexagonal phase. The
CaMnO, end member was a cubic perov-
skite. For intermediate compositions of
Y, _,Ca MnO, with y between 0.30 and 1.00,
a single-phase orthorhombic perovskite
solid solution was obtained. The degree of
orthorhombic distortion decreased with in-
creasing Ca’* content. Compositions with
y = (.10 0r 0.20 contained two phases; these
results are consistent with a previous study
{73) in which a miscibility gap was found to
exist in this system for =0.05 = y = (.25.
Due to the two-phase nature of Y, Ca,,
MnO, and Y3Ca, ,Mn0O,, it was decided
that only compositions with y = 0.30 meri-
ted further attention. The calculated rela-
tive densities (saturated-suspended weight
method) were approx. 85% for CaMnO,
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and 20 to 93% for the intermediate composi-
tions.

The ac electrical conductivity of Y,_,
Ca, MnO, (0.30 = y = 1.00) was measured
in air as a function of temperature, Previous
investigations (/4-J6) have indicated that
manganite perovskites conduct by a small
polaron mechanism, so that charge migra-
tion through the crystal occurs by a ther-
mally-activated hopping mechanism. For
small polaron conductors, a plot of log oT
{for the adiabatic case) or log o 7% (for the
nonadiabatic case) vs rteciprocal absolute
temperature should produce a straight line,
with the slope representing (— £,/2.303k),
where £, is the activation energy and £ is
Boltzmann’s constant. In Y,_,Ca,MnO;,,
slightly higher linearity was obtained for the
adiabatic assumption. Figure 1 shows log
oT vs 1000/7 for 0.30 = y < 0.80. The high
linearity for 0.30 = y < 0.80 is consistent
with small polaron conduction. For y =
0.80, the linearity decreased abruptly with
increasing Ca content, suggesting that a sim-
ple small polaron mechanism does not apply
for these compositons. The calculated acti-

vation energies are given in the legend of
Fig. 1. Kuo er al. (I} reported activation
energies for compositions in the system
La,_,St,MnQ; to be 0.19, 0.16, and 0.09 eV
for y = 0.05, 0.10, and 0.20, respectively.
Karim and Aldred {4) obtained activation
energies between (0.192 and 0.113 eV for
compositions in the system La, ., Sr,CrO;
with 0.00 = y = 0.40. Raffaclle e al. (17)
reported activation energies of 0.182 and
0.194 &V for LaCr0O; and LaMnO;, respec-
tively. In these studies it was concluded that
conduction occurred by the small polaron
mechanism. Thus, for Y, ,Ca MnO,, the
calculated activation energies and the high
linearity of the plots for 0.30 = y < 0.80 in
Fig. 1 are consistent with the assumption
that electrical conduction in this composi-
tional region occurs via the adiabatic smafl
polaron mechanism.

The Seebeck coefficient is useful in ana-
Iyzing electrical behavior, since it provides
information about the concentration of
charge carriers in a material. Heikes (/8)
derived the expression for small polaron
conductors,
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where O is the Secbeck coefficent, e is the
absolute value of electron charge, C is the
fraction of available hopping sites which are
occupied, and S$°is an entropy of transport
term. A positive (J indicates that the carriers
are holes, while Q is negative if the carriers
are electrons. It will be noted that Eq. (1)
does not allow for spin degeneracy of the
carriers, implying that there is only one al-
lowed spin orientation per site. Since neu-
tron diffraction studies have indicated that
ferromagnetic and antiferromagnetic cou-
pling occurs in manganite perovskites (/9),
it is reasonable to assume that magnetic or-
dering fixes the spin orientation at each site.
Since 5°in oxides is generafly small in mag-
nitude (less than 10 wV/K (20)), it is fre-
quently neglected, sothat Eq. (1) rearranges
1o

Q

c - 1/[1 + exp (W)J @

where Q 15 in units of  V/K.

Seebeck coefficients vs temperature for
Y,_,Ca,Mn0O; (0.30 = y = [.00) are shown
in Fig. 2. While the Seebeck coefficient for
CaMnO, showed considerable temperature
dependence and had a relatively large mag-
nitude at lower temperatures,  for the
other compositions was small in magnitude
and exhibited only miid temperature depen-
dence, except for Y, ,Cag ;M0 at low tem-
peratures. The presence of the miscibility
gap in the Y,_ Ca MnO; system prevented
the determination of the Seebeck coefficient
across the entire system. Accordingly,
Seebeck data was alse obtained for the re-
lated system La,_ Ca,MnG,(y = 0.00,0.20.
0.40, and 0.60} in which no miscibitity gap
occurs. Seebeck coefficients vs temperature
for La,_,Ca MnO, are shown in Fig. 3. For
all compositions in Figs. 2 and 3, the
Seebeck coefficient was negative at elevated
temperatures.

The fraction of sites occupied, C, for
Y,-,Ca,MnO;and La, _,Ca,MnO; were cal-
culated from Egq. (2) using experimental
Seebeck coefficients at 1273 K. The fraction
of sites occupied is plotted vs composition
in Fig. 4. The dashed line in the figure repre-
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F16G. 3. Seebeck coefficient () vs temperature in air for the indicaled compositions.

sents the Seebeck behavior that would be
expected in donor-doped CaMnO, if the ox-
ygen stoichiometry was exactly 3.00 and Mn
cations were present in the material only in
the +3 and +4 valence states. According
to the Verwey controlled-valency principle
{21}, substitution of Y** or La** ions for
Ca?* on the A sites will create charge carri-
ers (electrons). Assuming these carriers are
localized, each donor ion converts an Mn**
to an Mn®*. Thus, an increase in the Y>*
content would produce a linear increase in
the concentration of Mn*", ie., [Y¢l =
[Mnyy,] (using CaMnO; as the host lattice;
[ ] refers to moles of the enclosed species
per mole of oxide). The fraction of sites oc-
cupied, €, would steadily increase in magni-
tude (resulting in a decrease in the magni-
tude of @) with increasing Y** content. At
the midpoint of the system, [Y¢] =
[Caf,] = [Mn},,] = [Mn},] = 0.50. In this
case, the conduction sites would be half-
filled, so that C = 0.50 and Q = 0.00. As
[Y¢,] exceeded 0.50, [Mny, ] would become
greater than [Mny,,], so that conduction
would now be treated as occurring by the
transport of electron holes associated with

the Mn**. As the [Y¢,] content approached
1.00, C should decrease toward 0.00 as
{Mn3,,] decreased, resulting in an increase
in magnitude of the (now positive) Seebeck
coefficient. Thus, a negative 0 corresponds
to [Mn**] > [Mn**], while a positive Q indi-
cates [Mn?*] = [Mn**}.

Figure 4 shows that the experimental re-
sults did not support this model. The compo-
sition with y = 0.80 was oxygen-deficient
(the oxygen stoichiometry at 1273 K was
determined thermogravimetrically to be
2.96). Assuming that the oxygen vacancies
are doubly ionized, charge compensation
may occur by the conversion of two Mnions
from the +4 to the +3 valence state, The
Y?** content and this oxygen deficiency ac-
count for the observed higher than predicted
C value. For y = 0.70, C was essentially
equivalent to the value predicted by the
above model. However, for y < (.70, while
C continued to increase with increasing Y+
content, it failed to reach 0.50 for y = 0.50.
Even when y was as low as 0.30, () remained
negative (although very small in magnitude).
It should be noted that the model above
assumed that donors or acceptors were
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compensated electronically. Since the data
did not follow that model, it was important
to consider the possibility of ionic compen-
sation. However, in the compositional re-
gion in which the negative deviation from
the classic model was observed, the materi-
als were either stoichiometric or very nearly
50 (as determined by thermogravimetric
analysis and/or iodometric titration). The
absence of an excess concentration of either
cation or anion vacancies indicates that, in
these materials, the cation and anion vacan-
cles were present in essentially stoichiomet-
ric quantities so that they charge compen-
sated each other. It was therefore concluded
that those ions which carry a charge with
respect to the host lattice were compensated
electronically. The fact that the observed
Seebeck behavior for y < 0.70 could not
be explained under the assmption that only
trivalent and tetravalent Mn ions were pres-
ent led to consideration of the possibility
that other valence states of Mn occur in
these materials.

Previous studies (17, 22) have indicated
that Mn®~ in crystalline solids is subject to
a thermally activated disproportionation,

2Mn*t 2 Mn** + Mn?* (3)
with the associated equilibrium constant,
KD’

_MntryMe] T -AGY
Ko ="~ || @

where AGS, is the free energy of dispropor-
tionation,

It was assumed that when divalent Mn
ions are present they do not participate in
the conduction process, i.e., electrical con-
duction within the crystal occurs only by
hopping of electrons from Mn** to adjacent
Mn** cations. The Mn?* cations therefore
act as site-blockers for conduction. Support
for this assumption was found in the results
of a study by Yu et al. (23) which deter-
mined that in LaCrQ; the mobility of carri-
ers associated with Cr?* ions was lower by
at least an order of magnitude than the mo-
bility of carriers hopping between Cr** and
Cr** ions. Similarly, Dorris and Mason (22)
concluded that Mn,;0, contained divalent
Mn?* due to disproportionation but conduc-
tion occurred solely via the hopping of carn-
ers between Mn’* and Mn*" ions.
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Since ) was negative for these composi-
tions, the carriers were considered to be
electrons associated with the Mn**. Using
YMnO, as the host lattice ([Mny,] =
[(Mn**], [Mn3;,] = [Mn?*], and [Mn,,,] =
[Mn2*]), the fraction of available sites occu-
pied can be written as

_ o IMng)
Mg, ] + [Mny,l

3

The mass balance equation for Mn is
[Mny,] + [Mng ] + [Mny,] = 1.00. (6)

The electroneutrality condition for the crys-
tal is
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[Vl + [Mny,] + [Cayl
= [Mny,] + 2[Vy]l (D)

where [V};] refers to both A-site and B-site
vacancies.

This system of three equations was solved
to obtain the concentrations of the three va-
lence states of Mn at 1273 K. The site occu-
pancy, C, was obtained from the Seebeck
data and the amount of oxygen or cation
deficiency was determined by thermogravi-
metric analysis and/or iodometric titration.
(For LaMnO,, the oxygen stoichiometry re-
ported by Kuo et al. (3) was used).

Solution of the system of equations for
each composition yielded the following for-
mulae:

La(Vy')g ;aMng 33Mng 36Mng 41 (Via)o.0203 09

Lay 5602000V 1'a)o.007MN 200M NG 356M NG 442 Vin)o.00703.020
Lay ¢Cay 4oMng ;Mng 36Mng 505 o

Yq.20C2g 30Mng ;Mg 36Mng 4704 5

Yo.60Ca5 oMng ;Mg 1My 5,05 40

Yg.50C25 soMng ;MG 35Mng 5703 0

Yo.40C 25 eoMng sMng 3cMng 6,05 55V g 01

Y. 30Ca5 :0Mng o, Mng Mg 60, 66V 5 )p.00-

These formulae are consistent with the ob-
served negative values of  for these com-
positions since, under the assumption that
conduction is essentially confined to the
Mn** and Mn** sites, [Mn**] exceeds
[Mn**] in each case.

Considering the compositions in both sys-
tems as a whole, it appears that as the Ca®*
content increases from 0.00 to 1.00, charge
compensation is initially achieved through
an increase in the Mn** concentration at the
expense of Mn?*, leaving the Mn** concen-
tration essentially unchanged. Only as the
divalent Mn is eliminated (at high Ca con-
tents) does compensation occur via conver-
sion of the Mn** to Mn**. If no oxygen
deficiency occurred at the high Ca?* end,

only Mn** would be present in the CaMnO,
end member. Since oxygen deficiency does
occur (the room temperature oxygen stoi-
chiometry was determined iodometrically to
be 2.94), a substantial Mn** content appears
even in CaMnO,,.

The calculated concentrations of the three
valence states of Mn in the compositions
under study allowed values of the equilib-
rium constant Ky, to be estimated from Eq.
(4), assuming that the activity of each spe-
cies was equivalent to its concentration. The
resulting values of K, are listed in Table 1.
The high degree of uncertainty in the values
results from the uncertainty of +0.02 in the
calculated concentrations of the three va-
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lence states of Mn. These values for K; are
much higher than those obtained by Kuo
(I14) for compositions in the system La,_,
Sr,MnO; (also listed in Table 1) using a dif-
ferent defect model.

The Seebeck coefficient for LaMnO,
showed considerable temperature depen-
dence at lower temperatures. As the temper-
ature decreased, the negative (O decreased
to zero and then became posilive in sign
with steadily increasing magnitude. This be-
havior is consistent with the disproportiona-
tion model. Since the disproportionation is
thermally excited, as the temperature de-
creased the amount of disproportionation in
the crystal would be expected to decrease,
resulting in a reduction in [Mny,] and
[Mny,] and an increase in [Mny,]. Applica-
tion of Eqgs. (5), (6), and (7) at 825 K yielded
the following formula:

La(VT,)g isMng 2:Mng 30Mng 36(Via)o.0305 00

For purposes of calculation, the oxygen
stoichiometry was assumed to remain con-
stant at 3.09, since no data regarding the
oxygen stoichiometry of LaMnO; at lower
temperatures was available. As expected,

TABLE 1

CALCULATED VALUES oF K|y FOR THE INDICATED
CoMmposITiONS AT 1273 K

Composition Ky
Y.7Cag s MnO, 0.62 = 0.19
Y¢Cay ,MnO, 0.48 = 0.17
Y.sCug MOy 031 = 0.15
Y .4Cag MnO, 0.14 = 0.13
Y3Cap ;MO 0.07:58
LaMnO; 0.73 £ 0.20
La{).gcag_gMI]Og 0.69 = 0.20
Lay ¢Cay JMnO, 0.48 + 0.17
LaMnO§ 0.010
La.ulgssl"()‘an[lOg 0.007
Lay ¢Sty MnOj 0.093
Lag gSry ,Mn0O4 0.132

9 Reference (/4).

STEVENSON ET AL.

TABLE 11

TeEMPERATURE DEPENDENCE OF Ky AND AGH FOR
LaMnO; 1N AIR

Temperature (K) Kp AGY (eV)
1273 0.73 = 0.20 0.035 = 0.030
825 0.56 = 0.15 0.041 = 0.022
500 0.05 = 0.02 0.129 = 0.022

[Mn},,] and {Mny,] decreased and [Mnjy,}
increased. At 500 and 380 K (again assuming
that the oxygen stoichiometry was un-
changed) the calculated formulae were:

La(Vio 03Mng osMng 6Mng 26(Viin)o.0303 .00
and
La(V1’)q.0:Mng Mg 5(Viiae 0303 00

The positive sign for Q is consistent with the
fact that at these temperatures, [Mn**] <
[Mn**]. At 380 K, the disproportionation
has apparently been entirely suppressed as
only trivalent and tetravalent Mn remain.
Equation (4) was used to obtain values of
Ky, for LaMnO,; as a function of tempera-
ture. The calculated values are listed in Ta-
ble I1. As expected, K; approached a value
of 1.00 with increasing temperature. Values
of the free energy of disproportionation,
AGY, were calculated using the relation

AGy = —kTIn K, (8)

where & is Boltzmann’s constant and T is
absolute temperature. The resulting values
are also listed in Table 11. The enthalpy of
disproportionation, AHp, for LaMnQ, (cal-
culated from the van't Hoff equation) was
0.20 = 0.05 V. The upper limit of this value
(0.25 eV) is close to the value of 0.27 eV
reported for AHY in Mn,O, (22).

Carrier drift mobility, u, can be written
as

o

m= WO 9
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where o is electrical conductivity and N is
the density of available sites. There are four
formula units per cell, so the concentration
of Mn is 4/V_, where V_ is the volume of the
cell. Since only the trivalent and tetravalent
Mn ions are believed to participate in the
conduction process, the density of available
sites, N, is

N = [Vi] ([Mnjg,] + [Mny,D. (10)

C

The combination of Egs. (5) and (10) yields

4

NC = |:Vc (11)

] (IMnjy,]).

Therefore,

aV,

47 SelMing o

The calculated mobilities at 1273 K are
listed in Table III. These mobilities are
somewhat higher than the mobilities re-
ported for compositions in La,_,Sr,Mn0O;
(1). In that system, the mobilities at 1273 K
ranged from approximately 0.040 to approx-
imately 0.065 cm?/V-sec for 0.00 = y =< 0.20.
The calculated mobilities are also higher
than those reported for the system Y, _,Ca,
Cr0;, in which mobilities were between 0.03
and 0.05 cm?’/ V-sec for 0.00 = v = 0.20 (5).

TABLE 11l

CALCULATED DRIFT MOBILITIES FOR THE
INDICATED COMPOSITIONS IN AIR

I (cm¥/V-sec) u (cm*/V-sec)

Composition at 1273 K at 298 K
Y 1Cag ;Mn0, 0.11 11 x 10-3
YosCagMnO, 0.14 22 x 10°?
Y0‘5Cag‘5MnO3 0. 15 0.01
Yg.4CageMnO; 0.20 0.03
Yy3Cag MO, 0.21 0.08
Y o.2CagsMnO; 0.20 0.24
Lay (Cag MnO;, 8.16 6.8 % 1073
Lag (CagMnO, 0.22 0.07
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The calculated room temperature mobilities
are also listed in Table III. The fact that the
room temperature mobility for y = 0.80 is
greater than the mobility as 1273 K supports
the previously stated assumption that the
small polaron mechanism is not applicable
to the highest Ca compositions in Y,_,
Ca,MnO,. _

4, Conclusion

Compositions in  the system Y, _,
Ca,MnO, are single-phase solid solutions
for y = 0.30. The electrical conduction for
compositions with 0.30 = y < (.80 appears
to be due to a small polaron mechanism.
The assumption that the Mn ions are present
only in the +3 and +4 valence states was
inconsistent with the observed Seebeck be-
havior. A defect model was developed
which incorporated the thermally excited
disproportionation of Mn*" into Mn?* and
Mn**. The observed Seebeck data were
then explained by assuming that Mn?* acts
as a site-blocker. Simultaneous solution of
the equations for fraction of sites occupied,
mass balance, and electroneutrality allowed
the concentrations of the three valence
states of Mn to be calculated for a given
composition at a given temperature.
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