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The Defect Chemistry of LaMnO;._ ;

5. Thermodynamics
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The temperature dependence of the relationship between compo-
sition and oxygen partial pressure has been described for LaMnQO;, 5
and LaMnQ,_; on the basis of an assessment of literature data
obtained by TGA by several authors. The thermodynamics of defect
formation is calculated on the basis of these results. For the forma-
tion of lanthanum and manganese vacancies in LaMnQ,, ;, it has
been determined that AHY = (—380 * 6) kJ-mole”!, and
ASS = (~266 = 5) I -mole™!: K~!. For the formation of oxygen
vacancy clusters in LaMnO,_;, AHY = (349 £ 6) kJ - mole™!, and
ASY = (96.4 = 4.9) ] -mole™' - K71, © 1994 Academic Press, Inc.

1. INTRODUCTION

This article is the last of a series concerning the defect
chemistry of LaMnO,, ;. Part 1 was concerned with defect
models to describe the relationship between oxygen par-
tial pressure (Poz) and composition (8) for LaMnO;_; (1).
The structural aspects of the defect chemistry of La
Mn0O, s (2) were discussed in Part 2. The results were
used to obtain the density of (La,A)MnO, (A = Ca, Sr,
Ba) (3) in Part 3. Part 4 dealt with defect models to describe
the relationship between oXygen partial pressure and com-
position for LaMnO,_; (4).

The temperature dependence of the relationship be-
tween composition (5) and oxygen partial pressure {pg,)
is discussed in this article. The results on LaMnO, 4 ob-
tained by thermogravimetric analysis (TGA) by several
authors are discussed. Literature results on LaMn(O,
are assessed and compared with literature results obtained
on LaCoO,_;. The thermodynamic properties of the de-
fect reactions and defect formation are derived from this
temperature dependence.

2. THERMODYNAMICS OF DEFECT CHEMISTRY

The thermodynamic properties of most interest in this
study, AHOz, ASOZ, AH?Y, and ASY, are derived from the

temperature dependence of the relationship between com-
position (8) and oxygen partial pressure. AHY, and Afg,
stand for the enthalpy of defect formation and the partial
oxygen enthalpy, respectively, and likewise for ASY, and
ASg,- For every defect reaction, A, and ASY, are differ-
ent. Relationships between composition and oxygen par-
tial pressure can be gencralized by

Ky =pg, f(8) (1]

or
InKy = xInpg, + In f(8) [2]
—RTInKy = —xRTIn pg, — RTIn f(8) [3]

AHy — T-ASy = —x{AHy, — T-ASo} — RTInf(5), (4]
thus,
AHY = —xAH,, (5]

ASS = ~xASo, + RInf(3). [6]

It should be noted that Egs. [1-6] hold only in situations
with one defect model. In the defect regions discussed
for LaMnO;_; and LaCoO;_; (1) and LaMnO,_ ,; and
La,_ Sr,MnO,,; (4}, there is only one defect model. By
plotting In K versus the reciprocal of temperature for a
temperature region with only one defect model, AHY and
ASY can be found.

3. IﬂMn03+5

The defect chemistry of LaMnO,_; is characterized by
the formation of lanthanum and manganese vacancies in
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TABLE 1
Equilibrivm Constants for LaMnO,, 5, Lag 5551 sMn0O;, ;, LaMnO;_;, and LaCoO;_;
T In Ky Ref. T In Ky Ref, T In Ky Ref.
LaMnO,;; 1473 0.519 {5 1473 -17.2 (5)
1473 2.12 (€} 1473 —18.4 (@]
873 21.7 (9) 1473 —-1.06 9) 1473 -17.0 ()]
923 18.2 (9} 1573 —-3.04 (9} 1573 -14.8 9
973 14.9 9
1010 12.4 ey Lag ¢sSr5.1sMnOy,5 LaCo0,_;
1073 10.7 (9)
1080 9.89 4) 1080 4.85 (4) 1123 —12.1 (1)
1150 7.62 @4y 1150 292 4 1173 -11.2 an
1173 7.27 (9} 1220 0.953 (4) 1178 —11.1 (410)]
1188 5.92 {6) 1290 —-0.411 4) 1200 —10.8 (10
1220 5.59 4) 1205 —10.6 (m
1273 2.69 (8) LaMnQ;_; 1223 -10.3 (1)
1273 2.73 (7) 1226 —-10.1 (1)
1273 4.09 9 1073 -27.5 (9) 1236 -9.91 (A1)
1277 3.6t (6) 1173 —-24.6 (9 1258 —9.54 (10)
1290 379 “) 1273 -21.2 (8) 1268 —9.48 (10)
1330 2.63 (6} 1273 —22.8 (@)} 1273 —9.30 (1
1370 1.33 6) 1273 —21.6 ()] 1285 —9.18 {10)
1373 0.877 (€)] 1373 —21.4 N 1300 -8.72 (10}
1373 1.55 9) 1373 -19.1 [¢)] 1311 —8.77 (10}

% Obtained by fitting their respective defect models to the experimental data on the relationship between
oxygen partial pressure and composition reported by various authors,

equal amounts together with the partial charge dispropor-
tionation of Mn®* into Mn®™ and Mn** (2-4). For the
relationship between composition (&) and oxygen partial
pressure (pg,) this means

(1-2£+28)5-3-82 4,

KV = (§ . 28)6 N (3 + 8)2 pO: L [7]

in which £ is a measure for the disproportionation of Mn**
into Mn?" and Mn** (4). Experimental data on this relation
have been obtained using TGA by Kamata et al. (5),
Kamegashira et al. (6), Kuo et al. (7), Nakamura et al.
{(8), van Roosmalen ¢t al. (4), and Shimoyama et al. (9).
At first the results for each individual temperature were
analyzed to investigate the behaviour of £ as a function
of temperature. Although the values of ¢ vary between
0.33 and 0.38, there are no indications that ¢ is tempera-
iure dependent, and the average value of 0.352 is used in
further calculations. The equilibrium constant then be-
comes

_ (0.296+28)°-27-87
(0.352— 25 -3+ 82 7%

Ky [8]

The values of X are calculated using Eq. [8]. The results
are listed in Table 1 and shown in Fig. 1.

The results of Kamata et al. (5), Kuo et al. (7), and
Nakamura et al. (8) cannot be described properly with
the proposed defect model (Fig. 2). These results will not

-—
20 1
references
o 4
5r L
+ 6
e
= e 7
=
LA
-10 F
° 9
A 10
o 11
25+
0.60 0.80 1.00 1.20
{1000/ T) *K
FIG. 1. Equilibrium constants obtained by fitting the experimental

data of various authors on the relationship between oxygen partial pres-
sure and composition, for (A) LaMnOy,,, (B) LaggSry sMnOs,;, (C)
LaCo0y_j, and (D) LaMnO;_;. By plotting the equilibrium constants
as a function of 1/T, the enthalpies and entropies of defect formation
can be obtained.
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be used here. The results of Kamegashira et al. (6), van
Roosmalen et al. (4), and Shimoyama et al. (9} are in good
agreement (see Fig. 2}. These results will be used in the
calculations, except the 873 K results of Shimoyama et
al. (9), because there are only four points in a relatively
small experimental region, and they show little con-
nection.

The temperature dependence of X is obtained by plot-
ting In K versus 1/7, a straight line according to theory
(Egs. [3, 4]). The result is shown in Fig. 1, line (A):

4.57 x 104

InK, = T

- 32.0. [9]

Thus, the thermodynamic properties of defect formation
can be obtained for LaMnO,_;. Using Eqs. [3], [4], and
[9], AHS = (=380 = 6) kJ - mole™ and ASY = (—266 +
5) J-mole "-K~! are obtained. Using x (Eq. [I]) =
-3/2 (Eq. [8]), it follows from Egs. [5] and [6] that
AHO = (—253 = 4 kJ- rm)lle_1 and ASO ={(~177 = 3)
~5541n f8) I -mole ' -K~! (f(8) is obtained from Eq.
{8]). The thermodynamic properties for the defect chemis-
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FIG, 2. Experimental data on the relationship between oxygen par-
tial pressure and composition for LaMnO;,;, measured by Kamata et
al. (5) (1473 K), Kamegashira er al. (6) (1277 K), Kuo &t al. (7) (1273
and 1473 K), Nakamura et al. (8) (1273 K), van Roosmalen et al. (4)
(1290 K), and Shimoyama ef al. (9) (1273 and 1473 K). All data, except
those by Kamata et al. (5) and van Roosmalen et al. (4), are obtained
from the graph. The calculated relationships according to the proposed
defect model at 1273 and 1473 K are plotted, as is indicated in the graph.
It can be seen that the results of Kamata et al. (5), Kuo ef al. (7), and
Nakamura ez al. (8) cannot be described properly with the proposed
defect model, while the results of Kamegashira ez al. (6), van Roosmalen
et al. (4), and Shimoyama et al. (9) are in good agreement both with
each other and with the line calculated according to the defect model.
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try of LaMnQ;, are valid in the temperature region 873
K=T=1573 K.

4. THE EFFECT OF Sr ON THE DEFECT CHEMISTRY
OF LaMnO;,

As was concluded earlier (4), the defect chemistry of
(La,Sr)Mn0O, ; is based on the same defect formation as
in LaMnQO,, ;. The defect chemistry can be described by

=3/2

_ {1 —x—2%+128)°-37. 87
€-20°F-3+oF o

Ky=

[10]

The results obtained by van Roosmalen ef al. (4) on
Lag 5:Sry sMn0O; , 5 are fitted to this equation. The average
value of ¢ = 0.244. With this value of £, the data have
been fitted again; the results are listed in Table 1. No other
data are available for La;¢;5r; sMnQ, ;. It follows that

3.56 x 10*

anV— T

— 28.0. [

The result is shown in Fig. 1, line (B). From Egs. (I,
3-6, 10], it is calculated that AHS = (=296 = 9)
ki mole LASY = (=233 £ 7) J-mole™' - K™}, AHO
(—197 = 6) kJ -mole™!, and ASO ={(—155 =5 - 5 54
In f(8)) J- mole™'- K™ (f(§) is obtained from Eq. [10]).
The thermodynamic propertics of defect formation ob-
tained for Lag ¢.Sr, ;sMnO,,, are valid in the temperature
region 1080 K = T = 1290 K.

s. LaMn03_5

In contrast to LaMn(,, ;, there are no indications that
charge disproportionation occurs in LaMnO;_;, and it is
suggested that the defect chemistry of LaMnO,_; can be
described as previously published (1). On reduction to-
gether with an oxygen vacancy, two Mn?' ions are
formed, leading to the neutral cluster (Mn**-V,—Mn**),
or in Kroger-Vink notation {Mny,—-V5-Mny,). The rela-
tionship between & and pg, is then described by

3 12

A=a=nyp a9 Por

[12]

The results of Kamata et al. (5), Nakamura et al. (8), and
Shimoyama et al. (9) are in good agreement. The results
of Kuo et al. (7) seem not to be correct. The fitted values
of K are shown in Table 1 and Fig. 1, line (D). From the
plot of In K versus 1/T, it follows that

—4.20 x 10*

InK, = T

+ 11.6, f13]
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and the thermodynamic properties of defect formation
can be obtained for LaMnO,_;. For the oxygen deficiency
cluster model, x = . From Egs. [1, 3-6, 13], it is calcu-
lated that AHYS = (349 + 6) kI -mole™!, ASS = (96.4 =
4.9)J-mole™" - K1, AHg, = (—698 x 12) kJ - mole™!, and
ASq, = ((—193 £ 10) + 16.6 In{8/(1 — 28)°-3 — &)
J-mole~!'- K~!, They are valid in the temperature region
073 K= T= 1573 K.

These results can be compared with results obtained
by Seppinen et al. (10) and by Mizusaki er al. (11) for
LaCoO;_;. The fit of the equilibrium constants is shown
in Fig. 1, line (C}, and in Table 1. The results are

_ —2.76 x 10*

In Ky T

+ 12.4, [14]

and the thermodynamic properties of defect formation
can be obtained for LaCoQ;_;. From Eqgs. [1, 3-6, 13] it
is calculated that AHY = (229 = 5) kJ-mole™!, ASY, =
(103.0 + 4.3) J-mole™!- K™}, AHy, = (—458 = 10)
kI'mole™, and ASy = ((—206 = 9) + 16.6 In{8/(1 —
25)- (3 — 8)}J -mole ' - K~!', They are valid in the temper-
ature region 1123 K = T = 1311 K.

6. DISCUSSION

In the compound series LaMO; (M = Ti, Cr, Fe, Mn,
Co, Ni), LaMnO; is the only compound that exhibits ex-
cessive oxygen excess. It is likely that the relatively rare
partial charge disproportionation of Mn* into Mn?* and
Mn** is unique in this series. The formation of La and
Mn vacancies is coupled with the charge disproportiona-
tion and, therefore, is only found in LaMnQ,.

The charge disproportionation in LaMnQ,,; is not a
function of 8, but is influenced by the strontium content,.
The introduction of Sr** on La®* sites increases the overall
valence of manganese and reduces the charge dispropor-
tionation. In LaMn(,, & (Eq. [T = 0.352; in Lag ¢;Sry 45
MnO,, £ = 0.244; and in La, Sty 4,MnO;, ¢ is close to
zero. This can be concluded from the measurements of
Mizusaki et al. (12), since almost no oxygen excess was
found. Apparently, it is less favorable to form defects
with increasing strontium content, and, as a consequence,
AHY is less negative for LaggSry sMnO; (-29 =
kI - mole™") than for LaMnQO; (—380 = kJ - mole™).

In LaMnO; ; and LaCoO, g, the defect chemistry can
be described with a cluster model. There are no indica-
tions for charge disproportionation as in LaMnQO;,;, at
relatively high oxygen partial pressures, whereas the oxy-
gen deficiency of LaMnO,_; is found only at low oxygen
partial pressures. For charge disproportionation of Fe**
into Fe** and Fe’* (13, 14) it was also noted that environ-
mental conditions, such as temperature and oxygen partial
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pressure, are of great influence on the charge dispropor-
tionation.

The defect chemistry of LaMnQ,_; and LaCoO,_; can
be described by the same defect model, so the entropies
of defect formation should be the same for both com-
pounds. The values found, (96.4 + 4.9) and (103 = 4.3)
J-mole™!- K !, respectively, are in good agreement. This
is also an indication that the cluster model is the appro-
priate model to describe the oxygen deficiency of La
MnO,_;; in other words, there is no charge disproportion-
ation in LaMnO,_;. The large difference between the en-
thalpies of defect formation for LaMnO,_; and La
Co0,_;is mostly a consequence of the difference in reduc-
ibility between Co3* and Mn®*. The same defect model
is probably valid in LaFeQ; as well, as was mentioned
in Part 1 (1). Unfortunately, no experimental data are
available to determine AHY, but it is known that LaFeO,
is even harder to reduce than LaMnOs, so it is expected
that AHY, is even more negative.

With the present results, the defect chemistry of La
MnO;,; can be described between 873 and 1573 K, and
the defect chemistry of LaMnO;_; between 1073 and 1573
K. To visualize their relative contributions to the overall
defect chemistry of LaMnO;, the defect chemistry of
LaMnQ,_; and LaMnO,_; are combined at 1673 K, 1273
K, and 1473 K in Fig. 3. it should be noted that the
lines in Fig. 3 probably cross the decomposition limits for
LaMnO;_supon reduction. For LaMnO,,;, the maximum
value for & (£/2) is not reached at 1073 K. It can be
seen that the two nonstoichiometric regions are clearty
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FIG. 3. The relationship between the Gibbs free energy for oxygen
and the composition of LaMnO;_;, at 1073, 1273, and 1473 K, obtained
by evaluating the experimental data measured by various authors ac-
cording to the proposed defect models for LaMnO;_; and LaMnO;,;.
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separated, although the stoichiometric region, in which
the two defect mechanisms are combined, narrows with
increasing temperature. At higher temperatures the oxy-
gen excess region will disappear (in the Jo,-region under
investigation).
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