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Low-temperature phase formation in the ZrO,-In,0; system
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This study provides insights into the phase transformations of
In,03-ZrO, system under varying thermal and chemical
conditions and the crystallization behavior of amorphous
precursors containing 10-30 mol% In,0;, synthesized via the
coprecipitation of oxides from chloride solutions. When
subjected to molten sodium nitrate at 500 °C, a cubic solid
solution of Zr;_,In,O,_, 5, is obtained. Conversely, exposure
to molten sodium sulfate at 1000 °C results in the formation of
the mixture consisting of In,0; and monoclinic ZrQ,, with no
evidence of intermediate phases including any ordered
fluorite-like structures.
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Zirconia-based materials are of considerable interest as ceramics,
thermal barrier coatings, jewelry materials, media for storage of
radioactive waste and solid electrolytes.'~> Among the materials
for electrochemical devices, a solid solution of scandium oxide
in a high-temperature cubic modification of ZrO, attracts special
attention, inasmuch as it is characterized by the highest oxygen
conductivity.'%!> The problem is the ordering of this solid
solution with the formation of fluorite-like phases, which results
in the decrease in ionic conductivity and degradation of the solid
electrolyte.!3-22

The low-temperature ordering of cubic solid solutions in ZrO,—
M,0; (M is the rare-earth element) systems has not been
sufficiently studied owing to the very low values of the cation
diffusivity. As it was emphasized by Thornber et al.,” the actual
structure and compositions of the ordered phases are unknown,
because the cationic lattice in the studied samples shows no signs
of ordering. Whereas the anionic sublattice is ordered, the cationic
one is not, owing to the extremely slow cationic diffusion. Notably,
in the Ce,03—CeO, system, where the ordering is determined only
by anionic diffusion, a whole homological series of ordered phases
has been revealed.>* Presumably, the similar phenomena might be
observed in ZrO,—M,0O; systems.

The ZrO,—In, 05 system sparks the interest in terms of finding
ordered phases, inasmuch as indium oxide is a crystallochemical
low-melting analogue of scandium oxide. The materials formed
in this system are of particular interest, including as ion-
electronic conductors.?>?6

Phase diagram of the ZrO,—In,O; system was studied by
Morozova et al.>>26 and Sasaki et al.?” The overall picture of the
phase equilibria is presented in Online Supplementary Materials,
Figure S1. Solid solutions based on the components are formed
in the system. It should be noted that in these works, the
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temperatures of phase in the high temperature region
transformations do not differ much, and for individual compounds
they are close to the IVTANTHERMO DB data,?® although there
are significant differences in the data>>~7 when determining the
boundaries of solid solutions of coexisting F and C phases. The
solid solution based on a cubic modification of ZrO, (F-phase)
decomposes via eutectoid reaction at ~1250 °C. However, in the
low-temperature region Sasaki et al?’ have estimated the
temperature of the eutectoid decomposition of the tetragonal
T-phase to be about 300 °C higher than that determined by
Morozova et al.>>2°

Attempts to learn more about the phase states in the low-
temperature region of this system were made??° by studying the
phase states in the system after hydrothermal treatment of
coprecipitated hydroxides at 350 and 400 °C. The results did not
allow us to obtain reliable data on the nature of the equilibrium
state of phases in the low-temperature region. Thus, the formation
of intermediate phases in this system was not detected.>-27-29-30

The purpose of this work has been to study the low-
temperature phase formation in this system using salt fluxes,
which help to accelerate the achievement of equilibrium.3'-33
Amorphous precursors of the samples were synthesized via co-
precipitation from aqueous chloride solutions of zirconium and
indium using an aqueous solution of ammonia.2®-3

Heating of precursors resulted in their dehydration and
crystallization (exoeffect on thermograms at 450-500 °C
(Figure S2), with the formation of a cubic solid solution of
Zr,_In0,_g s, (see Figure S1, phase F).

After heat treatment in a sodium nitrate melt, the formation of a
cubic solid solution of a fluorite structure was observed for samples
with a content of 10-30 mol% In,Os. The powder was obtained
after rinsing the samples with double-distilled water to remove
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Figure 1 X-ray patterns of samples of composition 80 mol% ZrO,—20 mol%
In,O;: (a) initial after precipitation, () after differential scanning calorimetry
(DSC) and thermogravimetry (TG), (c) exposure in NaNO; melt, (d) exposure
in Na,SO,4 melt. Reference X-ray patterns of (¢) monoclinic ZrO, and (f) cubic
In,0;.

sodium nitrate. The changes in the lattice parameters depending on
the solid solution concentration are very small (Figure 2).

The results of the chemical analysis are presented in Tables
S1-S3, Online Supplementary Materials. The main impurities in
the samples are Hf (0.74-1.07 mass%), Na (0.13-0.30 mass%),
Al (0.25-0.35 mass%) and Si (0.04—0.18 mass%).

A completely different picture was observed after the heat
treatment of precursors in the molten sodium sulfate. A mixture
of two phases was detected by the X-ray diffraction: cubic
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Figure 2 The dependence of the crystal lattice parameters on the
composition of a solid solution of Zr,_,In,0,_ 5, type fluorite obtained by
heat treatment of an amorphous precursor in molten sodium nitrate.

Figure 3 Micrographs of the sample of composition 80 mol% ZrO,—
20 mol% In,O; after exposure to sulfate flux: (a) the topographic contrast and
(b) the phase contrast.
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Figure 4 Thermogram of the sample of composition 80 mol% ZrO,—
20 mol% In,0s; after exposure in a sulfate flux.

indium oxide and monoclinic modification of ZrO, (Figure 1).
The formation of these two phases was confirmed by scanning
electron microscopy (Figure 3).

The thermogram of this sample is shown in Figure 4. The
presented thermal effects can be interpreted in accordance with
the phase diagram of the ZrO,—In,05 system in Figure S1: the
temperature of 1205 °C at which the effect is observed is close
to the data?>-27 showing the formation of a cubic solid solution
Zr,_In0,_,s,and the effect at 1027 °C apparently corresponds
to the transformation of the monoclinic modification of ZrO,
into a tetragonal one, that also correlates with earlier data.?’

Thus, our results qualitatively confirmed the nature of the
phase diagram of the ZrO,~In,O5 system constructed earlier.>>->
At the same time, the data obtained at 1000 °C are close to the
previously reported interpretation.?’” Accordingly, at this
temperature, phase equilibrium M + In,O; occurs. In the low-
temperature region of the ZrO,—In,05 phase diagram at 500 °C,
our results are close to the previously reported data.?®-3
Apparently, the use of salts with low-melting point or
hydrothermal fluids as reaction media in the low-temperature
region results in the formation of metastable phases with similar
structures in this system (see Figure S1).

Noteworthy, ordered fluorite-like phases similar to those
formed in the ZrO,—Sc,05 system were not detected. Though,
the heat treatment of amorphous precursors in a sodium nitrate
melt makes it possible to obtain a solid solution of the fluorite
structure in the concentration range of 10-30 mol% In,O;. This
solid solution is in a metastable state, but it can apparently serve
as a basis for obtaining the functional materials.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7642.
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