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Abstract The subsolidus phase relations of the ternary
system CoO-In,03—V,05 were investigated by differential
thermal analysis and X-ray diffraction techniques. It has
been shown that the system consists of seven subsidiary
systems in which three solid phases coexist in equilibrium.
The melting temperatures of these subsystems have also
been determined.
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Introduction

The general aim of the studies is the search for new phases
showing properties of cognitive and prospective practical
interest. Cobalt metal and its compounds have found a
wide range of applications in electrode materials, magnetic
materials, chemical catalyst and battery [1-3]. Also indium
compounds, in particular indium(III) orthovanadate(V) has
been widely used in different branches of industry. InVO,
has been used as an auxiliary material for production of
electrodes in cells of different types [4] and as a photo-
catalyst [5]. Interesting catalytic properties of divalent
metal vanadates(V) [6, 7], including cobalt(Il) vana-
dates(V) [1, 3] have been known for many years. It has
been established that the catalytic properties of such
compounds are related to the presence of isolated VO,
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tetrahedrons in them [6, 7]. This finding has prompted us to
undertake a comprehensive study of CoO-In,O3;—V,0s5
system.

Two versions of the CoO-V,05 system are known,
differing only in the range of stability of the compounds
present in the systems and parameters of the eutectic points
[8, 9]. As follows from the two diagrams, in the system
CoO-V,0s there are three cobalt(Il) vanadates(V), i.e.
CoV,04, Co,V,05 and Co3zV,05 [8, 9]. Also known is the
phase diagram of In,O3;-V,0s5 system [10] in which in
solid state InO3; and V,05 make only one compound
InVO, [10]. No phase diagram of CoO-In,O3; and no
information on the phases forming in the reaction between
the oxides CoO and In,O5 have been found in the available
literature. Only one paper has been come across reporting
on formation of a compound in the ternary system CoO-
In,03-V,0s. Previously, the work has studied the reac-
tivity of Co,V,0; towards InVO, in the solid phase and
have proved the formation of a new phase of the formula
Co,InV;0y; [11]. This compound undergoes incongruent
melting at 960 °C, and the solid product of melting is
InVOy [11]. The aim of this study was to find out whether
in the ternary system CoO-In,O3;—V,0Os, any other com-
pound, besides Co,InV;0,, is formed with involvement of
all three oxides and to investigate the phase relations in the
system studied.

Experimental

The reagents used in the study came from the following
sources

— V5,05, pure for analysis, made by Riedel-de Haén,
Germany
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— In,0O3, pure for analysis, made by Aldrich, Germany
— CoCOg;, pure for analysis, Aldrich, Germany

The carefully weighted portions of the reagents were
homogenised by milling using agate mortar and heated in
the air atmosphere at a few stages until reaching a state of
equilibrium. After each stage of heating, the composition
of the samples was checked by XRD. The programme of
heating (temperatures and duration) was different for
individual samples and depended on the composition of
initial mixtures.

After the final stage of heating the samples were
slowly cooled down to ambient temperature (together
with the furnace), and then they were ground and sub-
jected to DTA and XRD measurements. The samples
were then heated once again for 24 h at the temperature
of the last stage of synthesis and after this time they were
rapidly cooled down to room temperature. They were
ground once again and studied by DTA and XRD
methods. This procedure permitted determination of the
types of phases formed in the system studied and the
temperature ranges of their co-existence in the solid state
[12-14].

DTA measurements were performed on a Metler Toledo
851° apparatus with the samples of 65 mg each placed in
quartz crucibles. Measurements were performed in nitro-
gen atmosphere and at temperatures from the range
500-1,500 °C, at the heating rate of 10°/min.

The phases forming in the samples were identified on
the basis of XRD patterns, recorded on a DRON—3
diffractometer, working with CoK, radiation and Fe fil-
ter, and the data from PDF cards [15] and from [11].
Interpretation of XRD patterns was performed with the
use of the Program Packing for Powder Diffraction
(DHN/PDS).

Results and discussion

The study began with checking the formation of spinel
phases in the CoO-In,Oj; system. For this purpose five
mixtures were made of the CoCOs/In,O; molar ratio
of 3:1, 2:1, 1:1, 1:2, and 1:3. The samples were heated
in the following cycles: at 650 °C(12 h), 750 °C(12 h),
850 °C(12 h), 950 °C(12 h) and additionally at 1,000 °C(3 x
12 h) and 1,100 °C(8 x 7 h). After the last stage of heat-
ing the diffractograms of the samples still gave evidence of
the presence of Coz04 and In,Oj3 oxides. Coz0,4 oxide
forms as a result of oxidation of cobalt(Il) oxide formed on
decomposition of CoCOj, [16]. The next set of samples
was made of the following CoCOj3/In,O3 molar ratios: 2:1,
1:1, 1:2 and they were heated in argon atmosphere at
900 °C for 48 h, then cooled down to room temperature
under continuous flow of argon. The diffractograms of
these samples did not reveal any new diffraction lines
besides those characteristic of the oxides CoO, Cos0,, and
In,O3. The next objective was to establish the phase
equilibrium diagram of the subsolidus are of the ternary
oxide system CoO-In,O3;—V,0s, which was started from
investigation of phase relations along the CoO-InVOy line.
Table 1 presents the compositions of initial mixtures,
conditions of their heating and XRD results obtained for
the samples after the last stage of heating.

XRD analysis of the samples obtained from the initial
mixtures containing 90.00, 80.00, 70.00 and 66.67% mol
CoO has shown the presence of three phases In,Os,
Co;3V,0g and Co30,. The presence of Coz0, follows from
the fact that cobalt(IT) oxide does not exist below 900 °C
because it is oxidised [17]. In the sample corresponding to
the initial CoO/InVO,4 molar ratio of 3:2 two phases In,O3
and Co3V,0g were identified. The other samples formed
from the initial mixtures containing 55.00, 50.00, 40.00,

Table 1 The composition, the heating conditions, and the kind of phases detected after the last heating stage in the samples from the system

CoO-InVO,
No Contents/mol%/ The heating temperature and time The composition
of the sample in an
CoO InVO, equilibrium state
1 10.00 90.00 450-550 °C/24 h + 650 °C/24 h + 750 °C/24 h InVOy, In,03, Co3V,04
2 20.00 80.00 800 °C/24 h + 850 °C/2 x 24 h 4+ 900 °C/2 x 24 h
3 30.00 70.00
4 40.00 60.00
5 50.00 50.00
6 55.00 45.00
7 60.00 40.00 In,03, Co3V,0g
8 66.67 33.33 In,03, Co3V,0g, Co;04
9 70.00 30.00
10 80.00 20.00
11 90.00 10.00
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Fig. 1 Preliminary division of the investigated ternary CoO-In,O3—
V,0s systems into subsidiary subsystem

30.00, 20.00, and 10.00% mol CoO, were composed of
IHVO4, In203 and CO3V208.

As follows from the results obtained, the system CoO—
InVOy is not a real binary system but it is an intersection of
the ternary oxide system CoO-V,0s-In,Os5. It has been
earlier established that the intersection Co,V,07-InVO, of
the ternary system in the subsolidus area is a real binary
system in the whole concentration range of components in

which Co,InV30;; undergoes crystallisation [11]. On the
basis of the data from Table 1, from the phase equilibrium
diagram in the intersection Co,V,0;-InVO, [11] and from
the phase diagrams of CoO-V,05 [9] and In,O03—-V,05 [10]
it was possible to propose a preliminary division of the
subsolidus area of CoO-In,03—V,05 into the regions cor-
responding to subsidiary subsystems (Fig. 1). Regarding
the fact that diffractograms of the samples were taken at
room temperature and taking into account that thermal
decomposition of Co304 takes place at about 900 °C [17] it
was concluded that the phase diagram represented the
region corresponding to the compounds: CoO-In,O3—
CO3V208.

The division proposed did not include the polygon
whose apices corresponded to the compounds V,Os,
CoV,04, Co,V,05, CosInV30¢; and InVO,. In order to
establish the phase relations in this polygon and to verify
the predicted partial systems in the other area of the system
Co0-In,05-V,05. The mixtures of CoCOs;, V,05 and
In,O3 were prepared of the compositions chosen to repre-
sent the ranges hitherto not studied and some hypothetical
partial systems comprised in the oxide systems studied.
The compositions of initial mixtures from which the sec-
ond series samples were obtained, the stages of heating and
phases detected in the equilibrium state are given in
Table 2.

In order to find out the melting points of the binary and
ternary systems forming in the ternary oxide system CoO-—
In,03-V,0s, all samples were subjected to DTA analysis.
Figure 2 presents selected DTA curves recorded for the

Table 2 The composition, the heating stages, and the kind of phases identified after the final heating stage of selected samples lying within the

binary or ternary subsystems

No Contents/mol%!/ The heating temperature and time

The phase composition of the sample in an
equilibrium state

CoO  In,O3 V,054
1 20.00 15.00 65.00 500 °C/12 h + 550 °C/12 h + 590 °C/2 x 12 h InVO,, N-CoV,04, V,05
2 37.00 13.00 50.00 4+ 600 °C/2 x 12 h 4+ 610 °C/12 h
3 25.00 25.00 50.00 500 °C/12 h 4 550 °C/12 h 4+ 600 °C/12 h 4 700 °C/2 x 12h  InVOy4, N-CoV,0¢
4 40.00 15.00 45.00 N-CoV,04, InVO,, Co,InV30y;
5 30.00 25.00 45.00
6 50.00  5.00 45.00 N-CoV,04, Co,InV30y;
7 35.00 15.00 50.00
8 55.00  5.00 40.00 N-CoV,04, Co,V,07, Co,InV50y,;
9 61.00 2.00 37.00
10 61.00 5.00 34.00 500 °C/12h 4+ 550 °C/12 h 4+ 600 °C/12 h Co3V,0g, CoyInV30,;, Co,V,0,
11 65.00 3.00  32.00 4 700 °C/2 x 12 h 4+ 750 °C/2 x 12 h
12 65.00 5.00 30.00 500°C/12h + 550 °C/12 h + 650 °C/12 h Co,InV;0,;, Co3V,04
13 50.00 15.00 35.00 + 750 °C/2 x 12 h + 850 °C/12 h 4+ 900 °C/2 x 12 h Co,InV;0,,, InVO,, CosV,0
14 60.00 10.00 30.00 Co3V,0g, InVO,
15 65.00 10.00 25.00 Co3V,0g, InVOy, In,03
16 30.00 45.00 25.00
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samples representing partial binary and ternary systems of
the main system studied. The melting points of the mix-
tures of phases were determined as the temperatures of the
beginning of the first endothermic effects not correspond-
ing to polymorphous transformations, detected on DTA
curves. Figure 2a presents the DTA curve of the sample
from CoO-In,O3—Co3V,0g system. The first endothermic
effect was recorded at 865 °C and interpreted as corre-
sponding to decomposition of Co30,4 to CoO [17]. The
second endothermic effect on this DTA curve beginning at
1160 °C, probably corresponds to the melting point of the
ternary mixture.

On the basis of the results obtained and literature data
[9-11], the phase diagram of the subsolidus area of the
ternary oxide system CoO-In,O;-V,0s5 was proposed,
Fig. 3. The same figure also shows the melting points of
the mixtures of phases at equilibrium and representing the
partial systems and the intersections standing for the con-
jugation lines, i.e., the real binary intersections.

According to the phase diagram presented in Fig. 3,
seven partial systems can be distinguished in the CoO-
In,03-V,05 system, and in each of them three solid phases
coexist. The partial systems were identified as follows.

I COO—IH203—CO3V208
II CO3V208—IHQO3—IHVO4
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Fig. 3 A division of the component concentration triangle of the
system CoO-In,O3-V,0s5 into partial subsystems and the melting
temperatures of the subsidiary systems and binary systems
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VI C0V206—COZIHV3OI 1—II1VO4
VII  CoV,04-InVO4—V,05

Conclusions

As a result of a solid state reaction in the binary system
Co0O-In,05 no phases are formed. In the ternary system
Co0-In,03—V,05 only one compound of the formula
Co,InV;0;; is formed with the involvement of all three
oxides. On the basis of the measurements performed the
phase equilibrium diagram has been proposed for the ter-
nary system CoO-In,O;-V,0s5 in the subsolidus area. It
has been found that seven partial systems can be distin-
guished in the main system studied.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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