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Undoped and Sr-doped LaMnO, showed reversible oxidation-reduction behavior. These perovskites
can be excess, stoichiometric or deficient in oxygen content depending on the specific conditions.
Under very reducing conditions decomposition into new phases occurs. Phase stabilities for these
oxides were determined. The results showed that Sr doping caused the LaMnO; to dissociate at higher
oxygen activities than those necessary for undoped LaMnO;. Defect models are proposed to interpret
the thermogravimetric results in which metal vacancies are assumed for the oxygen excess condition
and oxygen vacancies are assumed for the oxygen deficient condition. Thermodynamic properties

were calculated which support the model.

1. Introduction

The perovskite-type oxide LaMnO; has
been extensively studied due to its potential
application as an air electrode in high-tem-
perature solid oxide fuel cells. The stability
of the electrodes toward their environment
is as important as their electrical conductiv-
ity for this application. Although several
studies (I—4) on the oxidation reduction be-
havior of LaMnQO; have been reported, a
model relating the defect structure and the
oxidation—reduction behavior of LaMnO;
has never been proposed.

The objective of this study was to deter-
mine the phase stability and oxygen stoichi-
ometry for undoped and Sr-doped LaMnO;
as a function of oxygen partial pressure,
temperature, and dopant concentration. In
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addition, a model was developed to explain
the observed results.

II. Experimental Procedure

The undoped and Sr-doped LaMnO;
specimens were prepared by a liquid mix
method similar to that first described by
Pechini (5). The starting chemicals were re-
agent grade La carbonate, Mn carbonate,
and Sr carbonate. The desired composi-
tions were prepared by dissolving quantita-
tive amounts of selected carbonates into so-
lutions of citric acid, ethylene glycol, and
water. Upon removal of the excess solvent
by heating, transparent solid resins contain-
ing the metals in solid solution were
formed. Calcination of the resin intermedi-
ates at 800°C for 8 hr removed the organic



STOICHIOMETRY AND DEFECTS IN UNDOPED AND Sr-DOPED LaMnO, 53

constituents, leaving the desired ceramic
compositions in a fine, uniform, and chemi-
cally combined state. For all compositions,
X-ray diffraction analysis showed only the
perovskite structure. No extra lines were
detected.

Changes in stoichiometry at elevated
temperatures were studied through thermo-
gravimetry (TG) by measuring the weight
change of a sample as a function of temper-
ature and oxygen activity. Thirty to forty
grams of powder samples were placed in a
cylindrical alumina crucible and suspended
from the balance by an alumina rod leading
into a vertical tube furnace which was
sealed from the atmosphere. The weight
changes were measured to an accuracy of
+1 mg. The desired furnace temperature
was maintained to +2°C. Atmospheric con-
trol was achieved by using flowing gas mix-
tures (linear flow rate = 0.5 cm/sec) com-
posed of either O,—N, or CO,-forming gas
(10% H,-90% N,). A stabilized zirconia ox-
ygen sensor was used to monitor the oxy-
gen activity of the gas mixture. Thermo-
gravimetric experiments were begun by
fully oxidizing the sample in flowing oxygen
until the equilibrium state was reached. The
relative weight change was then measured
as the oxygen activity, Po,, was reduced in
a stepwise fashion. When the achievable
Py, range had been covered, the sample
was again reoxidized to its original state in
order to determine if the process was re-
versible. Note that it is important to verify
that reversibility occurs, since the defect
structure analysis proposed in this study is
based on the assumption that only one com-
ponent of the compound is volatile. Signifi-
cant errors may arise if irreversibility
occurs.

In order to determine the phase change
upon oxidation—reduction, X-ray diffrac-
tion patterns were made on undoped and
Sr-doped LaMnO; samples which had been
quenched from either oxidizing or reducing
atmospheres. A sample for a quenching ex-

periment was placed in an alumina tray and
was transferred into an atmosphere-con-
trolled multizone furnace. The hot zone
was maintained at 1200°C while the cold
zone was at 70°C. Oxidized samples were
prepared by heating these powder samples
in the hot zone with a flowing O; atmo-
sphere for 2 days; they were then quenched
by being rapidly pulled to the cold zone.
The reduced samples were also quenched
from 1200°C after annealing in flowing
forming gas for 2 days.

II1. Results and Discussion

A. Sr-Doped LaMnO,

For Sr-doped LaMnO,, the oxidized
samples exhibited single phase X-ray pat-
terns while the reduced samples were mul-
tiphase. The X-ray diffraction analysis
showed that under the most reducing condi-
tions (1200°C, 10716 atm) Sr-doped LaMnO;
completely dissociated into La,O;, MnO,
SrMnO;, and La,MnQ,. Upon reoxidation,
the reduced samples regained their original
single-phase X-ray patterns indicating that
the redox cycle is reversible.

In order to carry out the defect structure
analysis, experimental TG data (weight loss
vs log Po,) must be converted into molar
oxygen content vs log Po,. Therefore a ref-
erence state is required. The reference state
of molar oxygen content is often chosen at
either the most oxidative or the most reduc-
ing condition if the molar oxygen content
under either condition is a known stoichio-
metric value. For Sr-doped LaMnO;, the
molar oxygen content under the oxidative
condition is unknown, while under reduc-
ing conditions one of the dissociated
phases, SrMnQOs, is nonstoichiometric (6).
Therefore, neither the oxidative nor the re-
ducing condition can serve as a reference
state. However, similar to the study of the
La;_,Sr,FeO; system by Mizusaki et al. (7),
the conversion of weight loss to molar oxy-
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gen content for Sr-doped LaMnO; was
achieved by using Wagner’s statistical ther-
modynamic theory (8). This was done by
assuming the flat region observed in weight
loss vs log Po, data to be the stoichiometric
state of the oxide. By using the stoichio-
metric state as the reference point, the
weight loss was then converted to molar
oxygen content. Defect structures were
proposed to interpret the thermogravi-
metric results in which metal vacancies and
oxygen vacancies were assumed for the ox-
ygen excess condition and oxygen deficient
condition, respectively. These regions are
discussed below.

1. Oxygen excess region (La,_,Sr,
MnOs.,). According to the X-ray diffrac-
tion data of Wollan and Koehler (9),
LaMnO; preparations are characterized by
cation vacancies rather than by interstitial
anions. Tofield and Scott (10) reported from
neutron diffraction analysis that the struc-
ture for LaMnO; ;, contained vacancies on
both La and Mn sites. It is therefore as-
sumed that in the high Py, region, metal
vacancies on both La and Mn sites are the
predominant defects. For simplicity, the
metal vacancies are assumed to be fully
ionized at the high temperatures. Further-
more, it is assumed that charge conserva-
tion related with Sr incorporation is ob-
tained on Mn lattice sites.

Using Kroger—Vink notation (/1), in the
oxygen excess region the reduction of
La;_,Sr,MnOs,, may be expressed as

"

I—‘a]—ysr ;V ’Iliax/3Mn"lr—y—2an;+2xv Mnx/303+x
2 La,;_,Sr,Mni_,Mn,0; + x/2 O0,, (1)

where y represents the dopant and x the
excess oxygen concentration. In terms of
reactants this reaction can be simplified to

Via + Vi + 6Mny, + 30, 2
6Mny, + 30, (2

If it is further assumed that if [V, =

[V Mul, then the equilibrium constant for this

reaction is given by

K
= [Mnil® PEAIVILP [Mnil® (O}, (3)

which in terms of mole fraction becomes

K>
=( —y—2x)°P¥
{32 (y + 200 3 + 0’} 4

For a given dopant level y, K; can be
found from the weight loss vs Py, experi-
mental data by using Eq. (4). Theoretical
curves in the high Po, region were gener-
ated by using K, and the proposed metal
vacancy model.

2. Oxygen deficient region (La;_,Sr,
MnO;_,). On the basis of the assumptions
that LaMnQ; has p-type nonstoichiometric
disorder, (12), that a stoichiometric La/Mn
ratio is maintained (/3), that LaMnO; re-
mains single phase, and that all of the de-
fects are fully ionized, the reduction of Sr-
doped LaMnO; in the low Py, regions can
be represented by

La;_,Sr,Mn}_,Mn;0; 2
La,_, SEMni, +2:Mn)_2V;0s_, + x/2 O,
&)

or

2Mny, + O =2
2Mni + Vo' + 502, (6)

The equilibrium constant for Eq. (6) is
given by
Ks = [Mnig]? [V P8}/ [Mnj,)? [Ool.  (7)

Since at very low Po, part of the Mn ions
are expected to be divalent, the general
neutrality condition can be represented by

[Srial + Mnpmal = 2[Vi'] + [Mnpal.  (8)

The relation between [Mny,] and [Mnp.] is
given by

2Mni, 2 Moy, + Mnua, 9
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with

Ko = [Mnyg]IMnpa)/[Mnig 2. (10)
In order to maintain the fixed A/B ratio, the
following equation must be maintained:
[Mn)ltdn] + [Mny,] + [Mnl,\dn] =1. (11
By combining the experimental TG data
with Egs. (7), (8), (10), and (11), the equilib-
rium constants K¢ and Ky can be calculated.
The theoretical isotherms for the Py,
range investigated were generated from the
calculated equilibrium constants, K,, Kg
and K,. The TG results for La,_,Sr,MnO;
(¥ =0.01, 0.1, and 0.2) are shown in Figs. 1
to 3, in which the symbols represent the
experimental data while the lines were cal-
culated. As can be seen in Figs. | to 3 the
calculated isotherms fit the data quite well
even in the regions for which the perovskite
starts to dissociate into new phases. For
each isotherm shown in Figs. 1 to 3, the
symbol at the lowest Po, value indicates the
““critical”’ point, i.e., the lowest Py, before
the oxide dissociated into multiple phases.

55

B. Undoped LaMnO»

X-ray analysis showed that upon reduc-
tion LaMnQO; also dissociated into two
phases identified as La,O; and MnO. Since
both La,0; and MnO show negligible oxy-
gen nonstoichiometry under highly reduc-
ing conditions (/4), these two phases pro-
vide a reference state for the molar oxygen
content which is equivalent to LaMnO;s.
By using this reference point, the stoichio-
metric oxygen content of LaMnO; at
1000°C was determined to be 2.999. This
result suggested that undoped LaMnO,
might possess vacancies on the La lattice
which are equivalent to an acceptor content
of 0.2 mol%. Therefore, the analysis of TG
data for undoped LaMnO; used the same
set of equations described in the previous
section. Both experimental data and calcu-
lated values are shown in Fig. 4.

The observed molar oxygen content for
undoped LaMnOs; at 1200°C ranged from
3.063 to 2.977. This result agrees well with
a previous investigator (/), who found that
at the same temperature the molar oxygen
content ranged from 3.079 to 2.947. The
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FiG. 1. Moles oxygen per mole La oSt o;MnO; vs log Py, at various temperatures. The solid lines are
calculated. For each isotherm, the last point represents the lowest P, before the oxide decomposed

completely to multiple phases.
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F1G. 2. Moles oxygen per mole La ¢St 1,0MnO; vs log Py, at various temperatures. The solid lines are
calculated. For each isotherm, the last point represents the lowest Po, before the oxide decomposed

completely to multiple phases.

slight difference in the oxygen stoichiome-
try may have resulted from differences in
sample preparation. The critical Po, values
reported by different authors are compared
in Table I. The discrepancies in the critical
Po, values may be due to different experi-
mental Po, control techniques and differ-

3.10

ences in the types of measurements as dis-
cussed elsewhere (15-17).

The behavior of Sr-doped LaMnO; equil-
ibrated at 1000°C is shown in Fig. 5. The
behavior of undoped and Sr-doped LaMnO,
were similar. The following general charac-
teristics were observed for all samples:
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FIG. 3. Moles oxygen per mole La gSr ,MnO; vs log Po, at various temperatures. The solid lines are
calculated. For each isotherm, the last point represents the lowest Pq, before the oxide decomposed

completely to multiple phases.
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FiG. 4. Moles oxygen per mole LaMnO; vs log P, at various temperatures. The solid lines are
calculated. For each isotherm, the last point represents the lowest Py, before the oxide decomposed

completely to multiple phases.

(i) All of the oxides exhibited three dis-
tinct regions which were oxygen excess,
stoichiometric, and oxygen deficient.

(ii)) Under very reducing conditions, de-
composition into new phases occuirred at a
“critical” Po,. These values shifted to
higher Py, with increasing temperature.

(i) The amount of excess oxygen de-
creased with increasing temperature.

The effects of Sr addition on the oxida-
tion~reduction behavior showed common
trends with increasing dopant content:

(i) The amount of excess oxygen de-
creased.

TABLE 1
CrrTIcAL LOG Po, FOR LaMnO; AT 1200°C

Type of
Log (Po,/atm) measurement
Kamata (1) —11.65 TGA
Kamagashira (/5) —11.64 Conductivity
Sreedharan (16) -10.34 EMF
This study —-11.9 TGA

4 Estimated.

(i1) The critical Po, was shifted to higher
Po,.

C. Thermodynamic Considerations of the
Defect Models

1. Oxygen excess region (metal vacancy
model). The equilibrium constants for
metal vacancy formation in the oxygen ex-
cess region, K,, are listed in Table II. By
using these equilibrium constants, the rela-
tionship between molar oxygen excess (x)
and partial oxygen activity (Po,) can be cal-
culated. Some useful thermodynamic quan-

TABLE 11

EquiLiBRIUM CONSTANTS, K;, CALCULATED FROM
OxYGEN Excess MopELs (Eq. (1))

Log equilibrium constant,

K,

Compound 1000°C  1100°C  1200°C
Undoped LaMnO; —5.66 —6.58 —6.92
La oSt o;MnOs —6.35 -6.63 -6.74
La gsSr ¢sMnO; ~5.75 —6.47 ~7.27
La goSr 1;MnO; —5.18 —5.84 —6.10
La gSr ;0MnO; —4.25 —4.83 —4.97
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decomposed completely to multiple phases.

tities such as A(_;o2 , the relative partial mo-
lar free energy of oxygen, ASo,, the rela-
tive partial molar entropy of oxygen, and
AH, 0,, the partial molar enthalpy of oxy-
gen, can be easily calculated according to
the following equations:

and

AHo, = AGo, + TAS o, . (14)
2 2 2

The calculated partial molar free energies
for undoped LaMnOs.,, are shown in Fig. 6.
These partial molar free energies were
found to be a function of temperature and

A_G°2 = RTl_n Po,, (12) molar oxygen excess. The bivariant behav-

ASo, = —8(AG,)/8T, (13) ior indicates that the oxygen excess region
0 E———
]

s R
= DRSS

-]

A G, {Kcal/mole)
2

FiG. 6. Relative partial molar free energy for a solution of diatomic oxygen in LaMnQO; phase as a
function of temperature. The solid lines are calculated by means of a least-squares analysis.
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(LaMnOs.,) can be considered as a single
phase across its composition (x) range (/8).
The results for Sr-doped LaMnOs,, are not
shown since they are similar to those of un-
doped LaMnOs.,. The effects of Sr dopant
concentration on the relative partial molar
entropy are shown in Fig. 7. It was found
that AS 0, decreases with increasing molar
oxygen excess (x). This qualitatively agrees
with the previous results of Kamegashira
(4). However, the slope of the ASo, vs x
plot observed in this study is larger than
that by Kamegashira. The calculated values
for ASo, for all of the oxides investigated
were negative. This has significance since
AS o, is expected to be negative for nonstoi-
chiometric oxides if a metal vacancy mech-
anism (/4) occurs. .

The relative partial enthalpies (AHo,)
were calculated from Eq. (14). It was found
that AH, is independent of the degree of
oxygen excess (x). This result tends to
agree with the assumption that metal va-
cancies prevail, since a value for AHo,
which is independent of x is expected for
randomly distributed and noninteracting
metal vacancies.

The results obtained for AH o, as a func-
tion of dopant level are shown in Table III.
As can be seen no dependence within ex-

5

TABLE III

RELATIVE PARTIAL MOLAR ENTHALPY
FOR UNDOPED AND Sr-DoPEDp LaMnO;

59

Compound

AH o, (kJ/mole)

Undoped LaMnO, —114.5 = 13
La g9Srg;MnO; —115.8 = 13
La 458t ¢sMnO; —114.5 = 13
Lalgosr‘]oMn03 —-114.5 = 13
La.sosr_zoMnO:; -115.8 = 13

perimental error on dopant concentration
was observed.

Another set of thermodynamic properties
AH,, and AS,,, the standard enthalpy and
entropy change for the formation of metal
vacancies, can be found using the relation-
ship

—RTIn Ko, = AHy, — TAS,.  (15)

For oxygen excess models the equilibrium
constant, K, is equivalent to K, for un-
doped LaMnO; and Sr-doped LaMnO;. By
substituting the equilibrium constants (Ta-
ble 1I) into Eq. (15), AHy, and AS, were
calculated using a least-squares method.
The results are shown in Table IV.

2. Oxygen deficient region. The region
could not be treated as extensively as the
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FiG. 7. Relative partial molar entropy of oxygen vs excess oxygen for various Sr-dopant levels.
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TABLE 1V

STANDARD ENTHALPY AND ENTROPY CHANGE FOR
THE FORMATION OF METAL VAcANCIES (EQ. (2))

Compound  AH,, (kJ/mole) AS,, (J/mole °K)

Undoped LaMnO, 631 = 170 —234 = 30
La 451 ;MnO; 631 x 170 —234 + 30
La'ggsr'05MnO3 627 = 170 —226 *+ 30
La goSr ;oMnO; 589 = 170 —213 = 30
La'g()sr_z()Mno_*, 564 = 170 —188 = 30

oxygen excess region because two compet-
ing reactions (Eq. (6) and Eq. (9)) coex-
isted. In addition, it was difficult to deter-
mine precisely where the oxides became
multiple phase. Thus it was only possible to
determine the enthalpy of formation of oxy-
gen vacancies (Eq. (6)) and valency change
of Mn (Eq. (9)). The temperature depen-
dence of K yielded a value of 360 = 21 kJ/
mole for the formation energy of oxygen
vacancies. The constant Ky gave values of
38 + 8 kJ/mole and 84 *+ 8 kJ/mole for the
enthalphy change associated with the va-
lency changes of Mn in Sr-doped LaMnQO,
and LaMnO;, respectively. No data has
been found with which to compare these
results except that of Anderson et al. (19),
in which they obtained a value of 272 + 17
kJ/mole for the formation energy of oxygen
vacancies in Mg-doped LaCrO;.

IV. Conclusion

The undoped and Sr-doped LaMnO,
specimens all showed three regions of oxy-
gen stoichiometry: oxygen excess, oxygen
deficient or stoichiometric. Under very re-
ducing conditions these oxides decompose
into new phases. The oxidation—reduction
behavior was found to be reversible and the
critical P, values for decomposition were
determined by TG measurements. The
phase stability of LaMnQO; against reduc-
tion was shifted to higher Po, when the tem-
perature and/or Sr-dopant concentrations
increased.

A metal vacancy model was adopted for
the interpretation of the oxygen excess data
while oxygen vacancies were assumed to
be the predominant defect in the oxygen
deficient region. Positive confirmation for
the validity of the proposed defect models
was achieved from thermodynamic consid-
erations.
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