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Formation region of monophase with cubic
spinel-type oxides in Mn—Co—Ni ternary system

Y. ABE
Technol Seven Co., Ltd., 1-3-13 Kamoi, Midori-ku, Yokohama-shi 226-0003, Japan

T. MEGURO, S. OYAMATSU, T. YOKOYAMA, K. KOMEYA
Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku,
Yokohama-shi 240-8501, Japan

This study was performed to find the composition area of cubic spinel-type monophase
oxides composed of the Mn—Co—Ni ternary system. Starting materials were prepared by
mixing Mn, Co, and Ni nitrates then evaporating to dryness. Each starting oxide was fired
at 700, 800, 900, 1000, and 1100°C in air. The regions of cubic spinel monophase (CSM)
were confirmed to spread with decreasing firing temperatures. The region of CSM at
1000 °C was seen near the line connecting the pointsof Mn: Co:Ni=2:4:0and 4.5:0:
1.56. The area at 800 °C spread toward Co and Ni, as compared to the results at 1000°C. In
the region containing more Mn above the area of CSM at 800°C, the phase had tetragonal
spinel or -Mn,03 besides cubic spinel structure. Below this area, the phase contained
rock-salt-type crystal besides cubic spinel structure. This tendency at 1000 °C was the same
as that at 800°C. © 1999 Kluwer Academic Publishers

1. Introduction the ternary system so that we can select elements to suit
Some oxides consisting of transitional metals such athe purposes. However, the composition region where
Mn, Co, and Ni are widely utilized as negative tem- monophase is formed has been obscure except for the
perature coefficient (NTC) thermistor materials. Con-partial region described above. Accordingly, we must
sidering the diversified use of thermistors, further deirst determine the region of monophase with spinel
velopment of thermistor materials having compositionsstructure in the ternary system.
with electrical properties suitable for various purposes This study was performed to comprehensively ex-
has been strongly desired. The oxide with spinel-typeamine the stable phases of the ternary system at tem-
structure is considered to play an important role inperatures from 700 to 110C, specifically to find the
electrical properties. Therefore, a method of preparinggomposition range of cubic spinel-type monophase.
monophase oxide with cubic spinel-type structure is
required in order to study the composition dependenc@. Experimental
of electrical properties and the electrical conductionStarting materials for the compositions were prepared
mechanism. by mixing Mn, Co, and Ni nitrates then evaporating
The authors have studied NTC thermistor materialgdo dryness. About 0.6 g of each starting oxide was
with specific compositions consisting of M@o—Ni  weighted into a platinum crucible and fired at 700, 800,
ternary system, and reported that the oxides fired a&00, 1000, and 110 in a vertically installed electri-
1400°C to sinter were not monophase but composedtal furnace. The oxide was heated up to the prescribed
of cubic spinel-type, tetragonal spinel-type, and rock-temperature fol h and kept for 1, 3, and 16 h. In ex-
salt-type oxides [1, 2]. For this reason, we investi-periments at 700C, additional firing for 48 and 240 h
gated the preparation method of sintered bodies withvas conducted. The experimental points examined are
monophase cubic spinel. We found that monophasshown in Fig. 1. The firing atmosphere was air, and the
with cubic spinel structure could be formed by oxi- fired specimen was dropped into water for quenching.
dizing the oxide, which is a low rank oxide as a pre-The phases present in the specimens were analyzed by
cursor, at temperatures where the spinel structure iX-ray diffraction (XRD), and the crystal fractions in the
stable [3, 4]. We named this process the PMSR (prepaspecimens were calculated from the integrated peak in-
ration of monophase spinel-type oxide through rock-tensities. In this calculation, the peaks of (311) for cubic
salt-type oxide) method [5]. Using this method, we pre-spinel, (222) fore-Mn,0O3 (Bixbyite), (200) for rock-
pared monophase cubic spinel-type oxide with the fol-salt-type oxide, (311) for tetragonal spinel, and (112)
lowing two systems: Ma_x)CoxNi(1-x)04 (0= X =1)  for y-Mn,Oz were used. The peak areas of (311) and
[5], and Mnz_2y)CoNi(1-x)O0a (0= X =1). It is im-  (113) for tetragonal spinel and those of (211) and (112)
portant to examine the electrical properties of cubicfor y-Mn,O3; were summed up, taking the multiplicity
spinel-type oxides over the wide composition region offactor into account [6].
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Co Ni
y4 Figure 2 Phase relation in Ma-Co—Ni oxides fired at 1100C for 3 h.
O: cubic spinel@: cubic spinel and tetragonal spindl; cubic spinel
Figure 1 Composition diagram of Ma-Co—Ni. and rock salt.
3. Results and discussion Mn

The phases present in the specimens fired for 1, 3, ar
16 h at 1000C were compared, to see the outline of
the stable phase and to clarify the formation region o
cubic spinel monophase (CSM). The formation regior
of CSM in the system 1 h-firing specimens was smalle
thanthatin the 3 h-firing specimens. The region of CSNV
in the system 3 h-firing specimens was found to be th
same as that in the system 16 h-firing specimens. In thi
paper, the phase diagrams at temperatures ranging frc
800 to 1100C were thus revealed using the 3 h-firing
data. In addition, we emphasized the phase diagram
800 and 1000C in this study. The phases present at
other temperatures (700, 900, and 110D were ana-

lyzed with limited components, focusing on the area 01C WW/\A N

(o]

CSM formation.
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Figure 3 Phase relation in Mr-Co—Ni oxides fired at 1000C for 3 h.

3.1. Phases present in the oxides O: cubic spinel,@: cubic spinel and tetragonal spindll: tetragonal
fired at 1100°C spinel and/-Mn,0s, ¢: tetragonal spinel ang-Mn,Os, A: cubic spinel
and rock saltA: rock salt.

Fig. 2 shows the phase diagram at 11G0XRD pro-
files are abbreviated here because the details are inter-

preted in the next section. As a result, the specimenggnized for the composition of Mn:Ce: 2:4. The

with CSM were found to exist in the six components: SPecimen of Mn : Ce= 2.5 : 3.5 was also recognized to
Mn:Co:Ni=3:2:13,5:11.5,3:1:2,25:125  be composed of CSM. The XRD profile of the speci-
4:0.5:1.5, and 3.5:0.5:2. This area of CSM seen afen was omitted because the profile was the same as

1100°C was the smallest in this experiment_ that of the Spe_CimenS withMn:Ge2:4. Inthe SpeCi-_
mens containing Mn, one half or more, tetragonal spinel

phase T phase) becomes dominant. The oxide with the

3.2. Phases present in the oxides ratio of Mn: Co=5: 1 hasy-Mn,03 type structure@

fired at 1000°C phase) instead of phase. In the Mn oxide without
Fig. 3 shows the result of the phase diagram obtaine€o, G phase is converted ©-Mn,03 (B phase). The
at 1000°C. Fig. 4 illustrates the XRD patterns of the phases present in the region Mn: €8 :3to Mn: Co
oxides of the binary system of MiCo. Profiles (a)- = 6:0 are very similar to those reported by de Vidales
(g) correspond to the specimens with molar ratios ofet al.[11].
Mn:Co=0:6, 1:5,2:4,3:3,4:2,5:1, and 6:0, Inthis paper hereafterthe phase diagrams will be dis-
respectively. The phase in the specimen consisting afussed based on the phases present in specimens, with-
only Co has a rock-salt-type structuie ghase), which  out showing XRD profiles. The oxides in the CNi
is consistent with fact that CoO is known to be stablebinary system were confirmed to be composed of only
above 910C [7-10]. The phase in the specimen con-R phase. As is well known, CoO freely forms a solid
taining Mn of 17 mol % yields cubic spinel phage ( solution with Ni oxide whose stable phase is NiO type
phase) besideR phase. The formation of CSM is rec- [9, 10].
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Figure 5 Fraction of each crystal phase in MiCo oxides fired at
1000°C as a function of Co/(Mnt+ Co). O: cubic spinel,A: tetrag-
onal spinel[: rock salt®: a-Mn,03, B: y-Mn,03.
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Figure 4 X-ray diffraction profiles of MR—Co oxides fired at 1000C

for3h. (@) Mn:Co=0:6, (b) Mn:Co=1:5, (c) Mn:Co= 2:4, (d) . . .
Mn:Co=3:3, (&) Mn:Com4:2, () Mn: Co= 5:1. (g) Mn: Co the phase contains rock-salt-type crystal besides cubic

6:0,C: cubic spinel,R: rock salt,T: tetragonal spinelG: y-Mn,05,  SPiNel structure. To see the changes of crystals in detail,
B: a-Mn20;. the fractions of crystals in the specimens were evaluated
from integrated peak intensities.
Fig. 5 shows the result obtained in the binary system

The phases present in the oxides with compositionef Mn—Co. The specimens with component Xf =
of the binary system Mn-Ni are composed of two crys-Co/(Mn+ Co) (0= X =0.17) do not have crystals with
tal phases, except the oxides with Mn:Ni0:6 and cubic spinel structure. The phases present change from
4.5:1.5. The specimens with Mn contain cubic and/ore-Mn,O3; and tetragonal spinel structure #oMn,0O3
tetragonal spinel structure. CSM can be seen only at thand tetragonal spinel structure. The cubic spinel crys-
composition of Mn: Ni= 4.5:1.5. In this binary sys- tal appears in the specimen containig= 0.33. The
tem, the crystal structure with tetragonality is changedspecimens wittX between 0.58 and 0.67 are composed
to cubic spinel structure as the Mn content decrease®f cubic spinel structure. In the phases present in the
which implies that the amount of Mh occupying specimens withX above 0.75, cubic spinel gradually
the octahedral site also decreases. In this casé Mn decreases and rock-salt-type crystal appears. The spec-
causing Jahn-Teller distortion [12, 13] is consideredimen with X = 1 is revealed as CoO stable at 100
to be replaced by Ni which preferentially occupies This series of crystal changes indicates that the va-
the octahedral sites [14]. The area of CSM is seen olence of cations decreases in the direction of the Co
the line connecting the points of Mn:Co:Ni2:4:0 end member.
and 45:0:15. In the region above this line con- In the ternary system containing CSM crystal, the
taining more Mn, the phase has tetragonal spinel bespecimens on the line WZ shown in Fig. 1 were
sides cubic spinel structure. In contrast, below this lineselected to check the changes in the crystal phase and
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Figure 7 Phase relation in MrCo—Ni oxides fired at 900C for 3 h.
O: cubic spinel®: cubic spinel and tetragonal spindl; cubic spinel
0.0 ! and rock salt.
1.0

3.3. Phases present in the oxides

0.5 fired at 900°C

Fig. 7 shows the phase diagram obtained at@Qrhe

region of CSM is somewhat wider than that at 1000

0.0 .b.'l'.—."-—._"-—i Essentially, there is no large difference from the result
0.0 0.25 0.5 0.75 1.0  of 1000°C, except on the line of the MrCo binary

system. Itis characteristic that the region CSM spreads

toward the Co on the line MrCo because the Co ox-

Ni/(Mn+Ni) ide does not have a rock-salt-type structure but a cubic

spinel structure at 90CC. It is known that CoO trans-

Figure 6 Fraction of each crystal phase in Mi€o—Ni oxides fired at .
1000°C as a function of Ni/(Mrt+ Ni). O: cubic spinel,A: tetragonal forms into C@O4 below 910°C [7_10]'

spinel,[J: rock salt,l: y-Mn,Os.

3.4. Phases present in the oxides
fired at 800°C
fractions of each crystal. The fractions of each crystal in:?igs' (?I ezrlotvr\ml:lttthhee Fr)gaisoi %Ifa grgm s brt: ;Tjesdt ;Vtviﬁoc o
the specimens are shown in Fig. 6. In this case, the co 2nd Ni compared Wit% the results atp1000 and 900

ponent of the specimens was treated using the figure af, . ; :
Y = Ni/(Mn -+ Ni) because the content of Co was fixed. his suggests that the crystal of Co oxide determines

The specimen withy =0 has tetragonal spinel and
y-Mn,03. The y-Mn,03 type crystal quantitatively
is minor, and it disappears as Ni is contained. Cubic
spinel-type crystal abruptly increases with increasing
Ni content instead of decrease in tetragonal spinel-typ
crystal. ForY between 0.3 and 0.5, cubic spinel struc-
ture becomes dominant. The amount of cubic spine
crystal decreases abowe=0.6, yielding rock-salt-
type crystal. The phase present in the specimen wit
Y =1is composed of rock-salt-type structure. The ox-
ides of the end members, Niand Co, have rock-salt-typ
structures, whereas Mn oxides have spinel structure
The spinel structure exists until abo¥t=1, which
means that the structure is quite strong. Basically, th
structure is considered to be stable as long as*Mn
can be present in the octahedral site. Although it is nat
ural for the tetragonality to disappear as Mn conten .
decreases, the quantitative relation is obscure here bCo Ni
cause the cation distributions cannot be assigned yet, o o
The concentration of Mt which occupies 55% or less H9ure 8 Phase relation in MaCo—Ni oxides fired at 800C for 3 h.

. . Lo . . O:cubic spinel®: cubic spinel and tetragonal spin®l; cubic spinel and
of the octahedral sites might be a criterion for judging,mn,0,, #: tetragonal spinel and-Mn,0s, ¢: «-Mn,Os, A cubic
the distortion disappearance [15, 16]. spinel and rock salt): rock sall.
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Figure 9 Fraction of each crystal phase in MiCo oxides fired at 800C 0.0
as a function of Co/(Mnt Co). O: cubic spinel,A: tetragonal spinel, 0.0 0. 25

®: 2-Mny03. 0.5 0.75 1.0

the structure. Judging from the fact that the CSM is Ni/(Mn+Ni)

limited like a strip O_n the_ MaCo Ime’ it s_eems d-lffl- Figure 10 Fraction of each crystal phase in MiCo—Ni oxides fired
cult to react CgO4 with NiO to obtain a solid solution.  at800°C as a function of Ni/(Mnt Ni). O: cubic spinelA: tetragonal
The difficulty of the solid solution formation excludes spinel,[J: rock salt®: a-MnzOs.

the possibilities that Ni occupies the tetrahedral-site,

and that Cé" transfers to the tetrahedral-site due to . . . .
octahedral-site replacement oPNiwhich tends to pre- m_alnly contained in the 100@-speC|m_en, can react
fer the octahedral-site. In the Mn-rich region above the!Vith rock-salt-type CoO to form a solid solution be-

+
CSM region, the crystal phase is complex correspondgr‘]Bluse of trer:eplac?nl\)lent qfdl\%’lhb)égocf ) H,(\)/Iweé/)er,
ing to the content of Mn oxides. To see the crystaltn€ crystal phase of Mn oxide at 800 Is a-Mn30Os.

changes in detail, the fractions of crystals in the spec!! IS thought that the-Mn;Os reacts with spinel-type

imens were evaluated from integrated peak intensitiegO oxide to fo_rm a sqhd SOIUt.'On with a spinel struc-
in the same manner as that at 1000 ture. The specimen withi = 0.2 is composed of a great

Fig. 9 shows the relationship between fraction anc?Munt of cubic spinel. In the region ¥fbetween 0.3

X(=Co/(Mn + Co)) in Mn—Co binary specimens. For and 0.5, cubic spinel structure becomes dominant. The
specimens in the range X = 0.17, cubic spinel amount of cubic spinel crystal decreases abgve-

structure is absent. The phases presentin the specimgrp’ yieldin_g rock-_salt-typg crystal. The phase present
with X = 0.17 are composed af-Mn,Oz and tetrag- In the specimen witly = 1 is composed of a rock-salt-

onal spinel structure. The cubic spinel crystal appeargype structure. It is thought that the change in crystal
in the specimen witiX = 0.33. The specimens with phase is closely connected W|_th the valt_ence pumber of
X = 0.58 are composed of only cubic spinel structure MN @nd the stable phase of Ni oxide being NiO.
The CSM region is much wider than that in Fig. 5. This
spreading is thought to be due to the Co oxide having
cubic spinel structure at 80C. 3.5. Phases present in the oxides

Fig. 10 shows the relationship between the ratio fired at 700°C
of each crystal phase and=Ni/(Mn + Ni)) in the  Fig. 11 shows the phase diagram of the specimens fired
same manner as that at 10@ The existence ratio of at 700°C for 48 h. Two specimens with Mn: Co: Ni
a-Mn,0;s is large in the specimen with=0. Thisre- =3:3:0and 1:3: 2vere fired for 240 h to examine
sult is fairly different from the result where the phasewhether the crystal phases differ from those of the 48
in the specimen witly = 0 at 1000°C is almost com-  h-firing specimens, but the firing time appeared to have
posed of tetragonal spinel. This seems to be becaus® effect. The phase diagram at 7@shown in Fig.
the phase present in the products is comprehensively/l isinaccurate because minor specimens were selected
determined by each crystal structure of Mn and Co oxfor firing. However, the area of cubic spinel structure is
ides at 800 and 100@. The oxide MROg4, which is  considered to be almost the same as that at800
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3. Intheregion containing more Mn above the area of
cubic spinel monophase at 800, the phase has tetrag-
onal spinel ok-Mn,03 besides cubic spinel structure.
Below this area, the phase contains rock-salt-type crys-
tal in addition to cubic spinel structure. This tendency

at 1000°C is the same as that at 800.
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Figure 11 Phase relation in Ma-Co—Ni oxides fired at 700C for 48 h.

O: cubic spinel®@: cubic spinel and tetragonal spin®; cubic spinel 6.

anda-Mn,03, A: cubic spinel and rock salt.

4. Conclusions 8.

This study was performed to investigate the composi-
tion area of cubic spinel-type monophase oxides com-

prerequisite for preparing of sintering bodies consist-
ing of monophase with cubic spinel structure by the

PMSR method. The experiments were carried out at!-

temperatures below sintering temperatures. The results,
are summarized as follows.

13.
1. The region of cubic spinel monophase spreadsa.

with decreasing firing temperatures from 1100 to
800°C.

2. The area of cubic spinel monophase at 10D &
seen near the line connecting the points of Mn: Co : Ni

. T. YOKOYAMA, T.

.J. D. DUNITZ andL.

15.
16.
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