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INTRODUCTION

In the past few decades, the unique physicochemical
properties of rare-earth 3

 

d

 

-transition-metal perovskite
oxides (ABO

 

3

 

) have been the subject of intense
research attention. There has been particular interest in
A- and B-site substituted manganites with the general
formula 

 

La

 

1 – 

 

x

 

Mn

 

1 – 

 

y

 

O

 

3 

 

± δ

 

 (where M' is an alka-

line-earth metal, and M" is a 3

 

d

 

 transition metal other
than Mn), which have been studied most extensively in
recent years. Many such manganites have already
moved toward the manufacturing stage as materials for
fuel cell electrodes [1], magnetoresistors [2], catalysts
[3, 4], and other applications. A serious impediment to
the optimization of the engineering performance of
known manganite materials and the search for new
phases for advanced applications is the lack of detailed
phase-diagram data for 

 

Ln–M'–Mn–M"–O

 

 systems.

Phase equilibria in the La–Mn–O, Mn–Ni–O, and
La–Ni–O ternaries have been investigated in a number
of works. In particular, it has been shown that the stable
phase in the La–Mn–O system in air at 1000–1200

 

°

 

C is
the perovskite oxide 

 

La

 

1

 

 

 

± 

 

x

 

Mn

 

1

 

 

 

±

 

 

 

y

 

O

 

3

 

 

 

+

 

 

 

δ

 

, which exhibits
certain variations in metal and oxygen stoichiometries
[5–8]. Under these conditions, the Mn–Ni–O system
contains Mn

 

3

 

O

 

4

 

- and NiO-based solid solutions:

 

Mn

 

3 

 

−

 

 

 

x

 

Ni

 

x

 

O

 

4

 

 (0 

 

≤

 

 

 

x

 

 

 

≤

 

 

 

0.06

 

, hausmannite structure),

 

Mn

 

3

 

 

 

–

 

 

 

y

 

Ni

 

y

 

O

 

4

 

 (0.24

 

 

 

≤

 

 

 

y

 

 

 

≤

 

 

 

0.81

 

, spinel structure), and

 

Ni

 

1

 

 

 

–

 

 

 

z

 

Mn

 

z

 

O

 

 (

 

0

 

 

 

≤

 

 

 

z

 

 

 

≤

 

 

 

0.095

 

) [9]. The La–Ni–O system in
air at 1100

 

°

 

C contains three perovskite-like phases:
La

 

2

 

NiO

 

4

 

, La

 

3

 

Ni

 

2

 

O

 

7

 

, and La

 

4

 

Ni

 

3

 

O

 

10

 

 [10–23]. Two more
mixed oxides in this system were obtained under other
conditions: LaNiO

 

3

 

 (below 900

 

°

 

C in air or at elevated
oxygen pressures [22–26]) and La

 

6

 

Ni

 

5

 

O

 

15

 

 (at 1200

 

°

 

C in

Mx' My''

 

air [20]). Phase-diagram data for the La–Mn–Ni–O sys-
tem are not available in the literature.

As part of our studies concerned with the phase dia-
grams of Mn systems (Ln–Mn–O with Ln = Pr,
Nd [27], La–Sr–Mn–O [28], La(Sr)–Mn–Cu–O [29],
and La(Sr,Ba)–Mn–Co–O [30, 31]), this work focuses
on the phase equilibria and structure of mixed oxides in
the La–Mn–Ni–O system.

EXPERIMENTAL

Samples for this investigation were synthesized by
standard solid-state reactions and by the citrate route.
Before synthesis, the starting reagents (LaO-D La

 

2

 

O

 

3

 

and extrapure-grade MnO

 

2

 

 and NiO) were calcined to
remove adsorbed moisture and gases: La

 

2

 

O

 

3

 

 at 1200

 

°

 

C
for 3 h and NiO at 700

 

°

 

C for 3 h; MnO

 

2

 

 was heat-
treated at 750

 

°

 

C for 3 h in order to convert it to Mn

 

2

 

O

 

3

 

,
a more stable oxide. Solid-state reactions were con-
ducted in air at temperatures from 850 to 1100

 

°

 

C with
intermediate grindings in ethanol every 20 h of firing.
The total firing time at 1100

 

°

 

C was 120–200 h. In the
citrate process, the starting reagents were dissolved in
nitric acid, and crystalline citric acid hydrate powder
was added to the resultant solution. Next, the solution
was boiled down, and the dry residue was heated from
300 to 800

 

°

 

C with several isothermal holds. In the
final step, the samples were fired at 1100

 

°

 

C in air for
96–120 h. All of the samples were quenched by with-
drawing the crucibles from the furnace and cooling
them on a massive metallic plate.

X-ray diffraction (XRD) examination was per-
formed on DRON-4.0 and DRON-UM1 diffractome-
ters (

 

Cu

 

K

 

α

 

 radiation, 

 

2

 

θ

 

 = 20

 

°

 

–60

 

°

 

). Lattice parameters
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Abstract

 

—The phase equilibria and crystal structures of mixed oxides in the ternary system La

 

2

 

O

 

3

 

–Mn

 

3

 

O

 

4

 

–

NiO are studied at 1100

 

°

 

C in air. The projection of the La–Mn–Ni–O phase diagram at 1100

 

°

 

C and 

 

 =

 

0.21 

 

×

 

 10

 

5

 

 Pa onto the metal-composition triangle is found to comprise 12 phase fields. The lattice parameters
of La

 

2

 

NiO

 

4

 

 (sp. gr. 

 

I

 

4/

 

mmm

 

), La

 

3

 

Ni

 

2

 

O

 

7

 

 (sp. gr. 

 

Cmcm

 

), La

 

4

 

Ni

 

3

 

O

 

10

 

 (sp. gr. 

 

Cmca

 

), and 

 

La

 

1

 

 + 

 

x

 

Mn

 

1 – 

 

x

 

 – 

 

y

 

Ni

 

y

 

O

 

3

 

solid solutions (sp. gr. 

 

Pnma

 

, 

 

–0.04 

 

≤

 

 x ≤ 0.05, 0 ≤ y ≤ 0.4) are determined. The composition stability limits of
La4Ni3 – yMnyO10 solid solutions are 0 < y ≤ 0.05. With increasing Ni concentration in La1 + xMn1 – x – yNiyO3 ,
the metal nonstoichiometry decreases from –0.04 ≤ x ≤ 0.05 at y = 0 to x = 0 at y = 0.4.

pO2
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were refined using the Rietveld profile analysis
method [32].

RESULTS AND DISCUSSION

In our phase-equilibrium studies, we used 70 sam-
ples whose compositions are indicated in Fig. 1.

La2O3–Mn3O4, Mn3O4–NiO, and La2O3–NiO
systems. On the whole, the present results on phase
relations in these binary systems agree with earlier
data. At the same time, there are some discrepancies. In
particular, the Ni1 − zMnzO solid-solution series (z ≤
0.05) reported by Balakirev et al. [9] was not detected
in the Mn3O4–NiO system under the conditions of this
study, 1100°C in air, which is probably related to the
difference in heat-treatment and quenching conditions.

Our results for the La2O3–NiO system confirm the
existence of La2NiO4, La3Ni2O7, and La4Ni3O10. The
structural analysis results for these phases are summa-
rized in Table 1. The phase La6Ni5O15 [20] was not
obtained under the conditions of this study. The XRD
pattern from the sample of nominal composition
La6Ni5O15 showed reflections from two phases:
La4Ni3O10 and NiO. Note that Kitayama [20] did not
identify La6Ni5O15 with certainty: it was not obtained in
single-phase form, and its XRD pattern is very similar
to that of La4Ni3O10.

La–Mn–Ni–O system. The phase diagram of this
quaternary system at constant temperature and pressure

can be represented in the form of a tetrahedron. To rep-
resent a three-dimensional phase diagram on a plane,
binary oxides are often used as components of the sys-
tem. To obtain a real picture that would represent
phases in equilibrium, one must use binary oxides in
thermodynamically equilibrium forms under the condi-
tions of interest. The two-dimensional picture thus
obtained is in fact a section of the tetrahedron and will
only represent the existing intermediate phases if the
oxidation states of the three metallic components
remain unchanged. In systems containing 3d transition
metals, including La–Mn–Ni–O, this is rarely, if ever,
the case. It is convenient to represent such systems on a
plane using a triangle in which compositions are
expressed as the mole fractions of the metallic com-
ponents. The oxygen content of condensed phases can-
not then be determined from the phase diagram and is
set to be equal to the thermodynamically equilibrium
value for each of the coexisting phases. The resulting
phase diagram is a projection of the three-dimensional
phase relations in the tetrahedron onto the triangle in
which compositions are expressed as the mole frac-
tions of the metallic components (for example, ξNi =

), and the corners represent the binary

oxides 1/2La2O3, 1/3Mn3O4, and NiO in equilibrium at
1000°C in air.

Using XRD data, we constructed a projection of the
La–Mn–Ni–O phase diagram at constant temperature

nNi

nLa nMn nNi+ +
-----------------------------------

1/2(La2O3)

La2NiO4 4

5

8

La3Ni2O7

La4Ni3O10La1 + xMn1 – x – yNixO3 + σ 6

9

1
2

7

11 12

10

1/3(Mn3O4) NiO

3

Fig. 1. 1100°C isotherm of the La–Mn–Ni–O system at  = 0.21 × 105 Pa projected onto the metal-composition triangle.pO2
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and pressure onto the metal-composition triangle
(Fig. 1). The phase fields involved are listed in Table 2.

Our results indicate that the degree of Ni substitu-
tion for Mn in lanthanum manganite substantially
exceeds the degree of Mn substitution for Ni in the lan-
thanum nickelates. In perovskite oxides based on rare-

earth and 3d transition metals (Mn–Fe–Co–Ni–Cu), the
oxidation state of the 3d transition metal decreases sys-
tematically. This influences both the stability limits of
similar phases and their defect structure. In particular,
the average oxidation state of Mn ions in LaMnO3 + δ in
air is slightly higher than 3+, that of Co ions in
LaëÓO3 – δ is slightly lower than 3+, the oxygen-defi-

Table 1.  Crystal data for mixed oxides in the La2O3–Mn3O4–NiO system

Phase Symmetry Space 
group a, Å b, Å c, Å V, Å3 RB Rf

La2NiO4 Tetragonal I4/mmm 3.862(4) 3.862(4) 12.672(8) 188.97(9) 10.2 5.9

La3Ni2O7 Orthorhombic Cmcm 5.392(3) 5.447(2) 20.517(4) 602.61(5) 6.3 5.8

La4Ni3O10 Orthorhombic Cmca 5.408(5) 5.465(3) 28.037(8) 828.63(2) 4.7 2.6

La4Ni2.975Mn0.025O10 Orthorhombic Cmca 5.737(6) 5.646(6) 21.704(2) 702.99(9) 5.4 3.2

La4Ni2.95Mn0.05O10 Orthorhombic Cmca 5.737(3) 5.645(4) 21.707(6) 702.93(2) 6.1 3.1

LaMn0.9Ni0.1O3 Orthorhombic Pnma 5.533(2) 5.500(5) 7.788(3) 236.99(4) 1.4 1.1

LaMn0.8Ni0.2O3 Orthorhombic Pnma 5.509(1) 5.512(5) 7.796(2) 236.75(3) 0.9 0.8

LaMn0.7Ni0.3O3 Orthorhombic Pnma 5.507(3) 5.501(5) 7.780(2) 235.72(8) 1.2 0.9

LaMn0.6Ni0.4O3 Orthorhombic Pnma 5.476(2) 5.502(8) 7.776(9) 234.27(3) 1.3 1.1

La0.96Mn0.98Ni0.06O3 Orthorhombic Pnma 5.582(6) 5.582(3) 7.793(7) 242.82(5) 1.5 1.5

La1.04Mn0.88Ni0.08O3 Orthorhombic Pnma 5.515(9) 5.498(2) 7.789(9) 236.18(3) 1.8 1.9

La0.96Mn0.88Ni0.16O3 Orthorhombic Pnma 5.511(4) 5.534(9) 7.797(5) 238.05(6) 1.3 1.2

Note: RB is the Bragg factor, and Rf is the agreement factor.

Table 2.  Phase fields in the La2O3–Mn3O4–NiO system at 1100°C in air

Phase field
in Fig. 1

Number of 
phases Phase composition

1 2 La1 + xMn1 – x – yNiyO3 ± δ (0 ≤ x ≤ 0.05; 0 ≤ y ≤ 0.4) + La2O3

2 3 LaMn0.6Ni0.4O3 + La2NiO4 + La2O3

3 3 LaMn0.6Ni0.4O3 + La2NiO4 + La4Ni2.95Mn0.05O10

4 3 La4Ni2.95Mn0.05O10 + La2NiO4 + La3Ni2O7

5 2 La3Ni2O7 + La4Ni3 – yMnyO10 (0 ≤ y ≤ 0.05)

6 1 La1 + xMn1 – x – yNiyO3 ± δ (–0.04 ≤ x ≤ 0.05; 0 ≤ y ≤ 0.4)

7 3 LaMn0.6Ni0.4O3 + La4Ni2.95Mn0.05O10 + NiO 

8 2 La4Ni3 – yMnyO10 (0 ≤ y ≤ 0.05) + NiO

9 2 La1 + xMn1 – x – yNiyO3 ± δ (–0.04 ≤ x ≤ –0.03, 0 ≤ y ≤ 0.18) + Mn3 – zNizO4 (0 ≤ z ≤ 0.015)**

10 3 Fixed composition La1 + xMn1 – x – yNiyO3 ± δ*** + Mn2.955Ni0.045O4** + Mn2.89Ni0.11O4*

11 2 La1 + xMn1 – x – yNiyO3 ± δ (–0.03 ≤ x ≤ 0, 0.18 ≤ y ≤ 0.4) + Mn3 – zNizO4 (0.11 ≤ z ≤ 0.25)*

12 3 LaMn0.6Ni0.4O3 + Mn2.75Ni0.25O4* + NiO

    * Mn3O4-based spinel solid solution.
  ** Mn3O4-based hausmannite solid solution.
*** Approximate composition La0.97Mn0.85Ni0.18O3 ± δ .
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cient phase LaNiO3 – δ is only stable below 980°C, and
the stable phases in air are La2NiO4, La3Ni2O7, and
La4Ni3O10, in which the average oxidation state of
nickel is lower than 3+ [22, 23].

The lability of the oxygen sublattice in the perovs-
kite oxides under consideration plays an important role
in determining their physicochemical properties. The
possibility of considerable Ni substitution for Mn in
LaMnO3 + δ in spite of the marked difference in typical
oxidation state between Ni and Mn under identical con-
ditions is attributable to the high mobility of the oxygen
sublattice in this manganite. As follows from the elec-
troneutrality condition, charge compensation in nonsto-
ichiometric lanthanum manganite can be represented

schematically by the formula La O3 + δ.
After partial nickel substitution for manganese, charge
compensation can be represented in the form

La O3 + δ'. Thus, the super-
stoichiometric oxygen content δ' decreases with
increasing nickel content. A similar width of the
homogeneity range was reported by Petrov et al. [29]
for LaMn1 − xCuxO3 ± δ . The oxygen content of
LnMn1 − xCoxO3 ± δ (Ln = Pr, Nd) was shown to decrease
systematically with increasing Co content [33].

Undoped lanthanum manganite is known to show
certain variations in metal and oxygen stoichiometries:
La1 ± xMn1 ± yO3 + δ [5, 8]. With increasing nickel concen-
tration in La1 + xMn1 − x − yNiyO3 + δ , the lanthanum and
3d-transition-metal nonstoichiometry decreases from

Mn1 2δ–
3+ Mn2δ

4+

Mn1 2δ '– 2x–
3+ Mn2δ '+x

4+ Nix
2+

−0.04 ≤ x ≤ 0.05 at y = 0 to zero at y = 0.4, and the
homogeneity range of the solid solution narrows down
to the limiting composition LaMn0.6Ni0.4O3 (x = 0).
Similar results were obtained for LaMn1 – xCuxO3 ± δ
[29]. As an illustration, Figs. 2–4 show the XRD pat-
terns of La1.04Mn0.88Ni0.08O3, La0.96Mn0.98Ni0.06O3, and
LaMn0.6Ni0.4O3. The structural analysis results for these
solid solutions are summarized in Table 1.

Mn substitution for Ni in the lanthanum nickelates
is insignificant. In particular, no manganese was
detected in La2NiO4 and La3Ni2O7 to within 2.5 at %
accuracy. A slight substitution was revealed in
La4Ni3O10, in which the average oxidation state of
nickel must be higher than that in La2NiO4 and
La3Ni2O7. The higher degree of Mn substitution for Ni
in La4Ni3O10 compared to La2NiO4 and La3Ni2O7 can
be understood in terms of their structures. The three
phases belong to a homologous series with the general
formula AO(ABO3)n. In the structures of these homo-
logues, every n perovskite layers are sandwiched
between two AO rock-salt layers. For La4Ni3O10,
La3Ni2O7, and La2NiO4, n = 3, 2, and 1, respectively
(Fig. 5). Therefore, La4Ni3O10 contains layers of oxy-
gen octahedra sandwiched between similar, slightly
distorted layers [34], while La2NiO4 and La3Ni2O7

contain no such layers. In view of this, one would
expect an appreciable manganese substitution for
nickel in LaNiO3 within its thermodynamic stability
region (T, ).pO2
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Fig. 2. Rietveld refinement profile for La1.04Mn0.88Ni0.08O3 ± δ .
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Fig. 3. Rietveld refinement profile for La0.96Mn0.98Ni0.06O3 ± δ .
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To evaluate the homogeneity range of
La4Ni3 − yMnyO10 , we prepared (using the citrate pro-
cess) samples with 0 < y < 0.1 and ∆y = 0.025. Accord-
ing to XRD data, the homogeneity range of the solid

solution in this system is very narrow: 0 < y ≤ 0.05. The
samples with y = 0.075 contained, in addition to the ter-
minal La4Ni3 – yMnyO10 solid solution, phases with the
perovskite and K2NiF4 structures.

Fig. 4. Rietveld refinement profile for LaMn0.6Ni0.4O3 .
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The composition of La1 – xMn1 + x – yNiyO3 + δ in equi-
librium with Mn3O4-based hausmannite and spinel
solid solutions was estimated using the reported homo-
geneity range of Mn3 – yNiyO4 with different structures
and the phase compositions of representative points in
the composition triangle.

CONCLUSIONS
We constructed a projection of the La–Mn–Ni–O

phase diagram at 1100°C and  = 0.21 × 105 Pa onto
the metal-composition triangle and determined the
homogeneity ranges of the solid solutions and the lat-
tice parameters of the mixed oxides in this system.
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