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Solid solutions of metastable tetragonal ZrO, and
Ce3ZrOg in the system ZrO,—CeO,
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In the system ZrO,-CeO,, metastable t-ZrO; solid solutions containing up to 30 mol % CeO,
crystallize at temperatures of 385-430°C from amorphous materials prepared by the

hydrazine method. Crystalline CesZrOs solid solutions are formed in as-prepared powders
between 30-75 mol % CeO.,. The variation of the lattice parameters of both solid solutions is
determined as a function of CeO; content. The value of the lattice parameter of pure CesZrOg

(cubic) is @ = 0.5342 nm. Detailed characterization of the CesZrOg powder has been
performed. Crystallite size and particle size are strongly dependent on the heating
temperature. Specific surface areas do not drop below 40 m?g~" until the heating

temperature is‘ above 1000°C.

1. Introduction

Since the solid solutions in the system ZrQ,—CeQ, are
important for electrode materials, fuel cells, and
toughened ceramics, many studies have been under-
taken on the phase relationships in this system [1].
Two compounds arc known to exist in this system:
Ce,Zr304 (tetragonal) [2-4] and Ceq 45Zry 250,
(Ce3ZrOg, cubic) [5]. During the course of the prep-
aration of the phase diagram, Longo and co-workers
[2-4] showed the presence of a new binary phase
which was intimated by measurements of electrical
conductivity as a function of temperature. X-ray dif-
fraction studies [4] identified the phase as being
Ce,Z1r3;04y, which is stable at temperatures below
870°C. However, Tani et al. [6] reported that no
presence of this compound could be found in the
phase diagram attained by hydrothermal techniques.
However, little detailed attention has been paid to the
formation of Ce;ZrOg. The only report dealing with
the subject was published by Smith and McCarthy
[5]; the compound was formed by heating for 48 h at
1400°C using coprecipitated powders from cerium
and zirconium nitrates.

The present authors have developed a new powder
preparation method using hydrazine monohydrate
[7-9]. In this study, solid solutions of metastable ¢-
ZrO, and Ce;ZrOg were found to form up to 30 mol %
CeO, and between 30—75 mol % CeO,, respectively, by
the hydrazine method. In addition, well-crystallized
Ce3ZrOg was formed near room temperature. The

* To whom all correspondence should be addressed.

present paper deals with the formation of both solid
solutions and the characterization of Ce3ZrQOg.

2. Experimental procedure

Zirconium oxynitrate (ZrONOQ;),-2H;0, 99.9%
pure), cerium nitrate (Ce(NO)56H,0, 99.9% pure),
and hydrazine monohydrate (NH,),-H,O, 80%)
were used as the starting materials. The former two
materials were adjusted to 0.5 mol/L aqueous solu-
tions by dissolving in distilled water. The mixed aque-
ous solution (pH = 2) was stirred with a magnetic
stirrer for 30 min at room temperature, and then hy-
drazine monohydrate was dripped into the mixed
solution at 60°C, with stirring, until the resulting
suspension reached pH = 8. Then, the suspension was
heated for 1 h at the same temperature. The products
of the various compositions, shown in Table I¥,
were separated from the suspensions by centri-
fugation, washed more than five times in hot water
to remove adsorbed hydrazine and nitride ions, and
then dried at 120°C undefr a reduced pressure.
The powders obtained are termed “starting powders
A through P”.

The starting powders and specimens, obtained
from the differential thermal analysis (DTA) runs
after cooling, were examined by X-ray diffraction
(XRD) using Ni-filtered CuK, radiation. Electron
microscopic examination of the powders was carried
out using transmission electron microscopy (TEM).

* Bach product from Ce(NO,);-6H,0 and ZrO(NO,),-2H,0 prepared by the present method consisted of crystalline CeO, and an
amorphous material. As will be described, t-ZrO, crystallized at 385430 °C. Therefore, the starting powders were described by the oxide

composition.
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TABLE I Chemical composition of the starting powders

Starting powder

Composition {mol %)

ZrO CeO
A 100 0
B 95 5
C 90 10
D 85 15
E 80 20
F 75 25
G 70 30
H 65 35
1 60 40
J 55 45
K 50 50
L 45 55
M 40 60
N 35 65
O 30 70
P 25 75
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Figure I DTA curves for starting powders A through F.

The crystallite size was determined from X-ray line
broadening [10]. The specific surface areas of heated
specimens were measured by the Brunauer-Emmett-
Teller (BET) method of nitrogen adsorption per-
formed on powders that had been dried at 250°C
in vacuum.

3. Results and discussion

3.1. Crystallization of pure ZrO,

The starting powder A is amorphous. Fig. 1A shows
a DTA curve of this powder; it reveals a sharp
exothermic peak resulting from the crystallization of
t-Z10, at 385-430°C. The formation of - or ¢-ZrQ,
at low temperatures has been reported by many inves-
tigators, see for example reference [117. In the present
study, t-ZrO, heating continued to be crystallized as
the only observed phase at temperatures up to 700 °C.
Interplanar spacings were measured via XRD tech-
niques with the aid of an internal standard of high-
purity silicon, and unit-cell values were determined by
a least-squares refinement. The value of the lattice
parameter of t-ZrO, prepared by heating for 1 h at
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600°C was a = 0.5087 nm and ¢ = 0.5167 nm. These
values agree with data (2=0.509nm and
¢ = 0.518 nm) for the tetragonal form obtained by the
hydrothermal treatment of amorphous hydrated
ZrQ, precipitated from zirconyl oxychloride solution
with ammonia [12]. ZrO, powders heated at
720-1050°C were mixtures of t- and m-ZrQ,, the
amount of the latter form increasing with increasing
temperature. Single-phase m-ZrO, was produced after
heating at 1070 °C.

3.2. Crystallization of the +ZrO, solid
solution

The starting powders B through F showed exothermic
peaks in the same temperature range (385-430°C) as
in A. However, with increased CeO, content they
decreased successively in height from B to F (Fig. 1).
As described below, these peaks resulted from the
crystallization of #-ZrO, solid solutions. No sig-
nificant changes in the amorphous structure for the
powders B through F, were observed up to the tem-
peratures of the exothermic peaks. The specimens
heated at higher temperatures showed single phase
t-Z1O, in XRD patterns. The XRD peaks of the m-
ZrO; phase began to appear for the B powder at
1100°C and the intensity increased with increasing
temperature in inverse proportion to that of the m-
ZrO; phase. Finally, the m-ZrO, phase for B and
t-ZrQ, phases for C through F were produced when
heated at 1300°C. These results suggest that meta-
stable ZrO, solid solutions were formed up to
30 mol % CeQ, contents.

Compositional changes result in a significant vari-
ation in the cell dimensions. Fig. 2 shows the variation
of lattice parameters of t-ZrO, phases prepared by
heating at 1000°C (1 h) for B and 1200°C (1 h) for
C through F; with increased CeO, content. The values
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Figure 2 Lattice parameters for (O) t-ZrO, phase and (@) Ce;ZrOg
phase as a function of composition.



Figure 3 Transmission electron micrograph of starting powder P.

changed linearly with a and ¢ increasing from 0.5087
to 0.5224 nm and from 0.5167 to 0.5224 nm, respec-
tively.

3.3. Crystallization of the Ce3ZrOs solid
solution

The XRD analysis of powders G through O revealed

the existence of crystalline Ce;ZrOg [5]; with in-

creased CeO, content, the diffraction peaks were

shifted to a lower diffraction angle and increased in

intensity. No peaks due to the crystallization of the

TABLE II X-ray diffraction data for Ce,ZrO,

t-ZrO, solid solution occurred in the DTA curves.
The evidence thus obtained supports the view that
Ce;3ZrOy solid solutions containing ZrQO, were for-
med between 30-75 mol % CeO,. The XRD peaks of
t-ZrO, resulting from the decomposition of Ce;ZrOg
solid solutions appeared at 1050 °C. The specimens
heated at 1200°C were mixtures of CezZrOg and
t-ZrO,. The lattice parameters of the solid solutions
are shown in Fig. 2. The lattice parameter, a, in-
creased linearly from 0.5224-0.5317 nm with increased
CeO, content. No formation of Ce,Zr;0,, described
by Longo and co-workers [2-4] was observed in the
present study.

3.4. Characterization of CesZrOg

The starting powder P, consisting of primary particles
of size ~15nm (Fig. 3), produced an XRD pattern
consistent with well-crystallized Ce,ZrQg. Table II
contains this XRD data. All diffraction peaks could be
indexed as a cubic unit cell with a = 0.5403 nm. In the
DTA curve an endothermic peak resulting from the
release of absorbed water occurred at 90-180°C. The
lattice parameter of Ce;ZrOg heated for 1 h at 400°C
after dehydration was a = 0.5342 nm, agreeing with
the value (a = 0.5349 nm) reported in reference [5]
(Table 11, Fig. 2).

Ce3ZrOg powders heated to various temperatures
at a heating rate of 10 °C per min were fully character-
ized. Fig. 4 shows the electron micrographs of the
powders. The average particle size in the powders for
temperatures up to 900 °C was almost the same as that
of powder P. Particles of 20 nm size were observed
in the powder at 1000 °C. They grew to ~50 nm and
~80 nm at 1100°C and 1200 °C, respectively and at-
tained ~150 nm at 1300°C. The crystallite size was
calculated using the (111) diffraction peak by applica-
tion of the Scherrer formula [10], D = 0.9%/B cos0,
where D is the crystallite size, A is the wavelength
(Cuk,), pis the corrected halfwidth obtained using the
(111) line of high-purity silicon as the standard and the
Warren formula [10] and 6 is the diffraction angle.
The variation of crystallite size with increasing

As-prepared powder®

Sample heated for 1 h at 400°C®

Data of Reference [1]

d,,, (nm) d_,,, (om) i1, hkl  d,,(om) d.,,, (nm) I, hkl  d(m) I,
0.312 0.312 100 111 0.308 0.308 100 111 0.3090 100
0.270 0.270 30 200 0267 0.267 30 200 0.2675 35
0.191 0.191 50 220 0.189 0.189 45 220 0.1892 60
0.1631 0.1630 35 311 01611 0.1611 30 311 0.1614 50
0.1559 0.1560 10 222 01542 0.1542 15 222 0.1544 12
0.1352 0.1351 5 400 01336 0.1336 5 400 0.1337 10
0.1240 0.1240 10 331 01226 0.1226 10 331 0.1228 20
0.1210 0.1208 10 420  0.195 0.1195 10 420 0.1197 14
0.1104 0.1103 10 422 01091 0.1091 10 422 0.10921 8
0.1040 0.1040 10 511 01028 0.1028 10 511 0.10296 16
0.0955 0.0955 <5 440 00945 0.0945 <5 440 0.09456 6
0.0913 0.0913 10 531 0.0903 0.0903 10 531 0.09042 16
0.0900 0.0900 <5 600 00891 0.0891 <5 600 0.08915 8

@ cubic; a = 0.5403 (nm). ™ cubic; a = 0.5342 (nm). © cubic; a = 0.5349 (nm).
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Figure 4 Transmission electron micrographs of Ce;ZrOg powders heated at (a) 1000°C, (b) 1100°C, (c) 1200°C, and (d) 1300°C.

temperature is shown in Fig. 5. A marked increase in
crystallite growth occurred above 1100 °C. This result
agrees with the observations made by electron micro-
scopy. A decrease in specific surface area with increas-
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ing temperatures is shown in Fig. 5. Surface areas at
low temperatures were very high, although they de-
creased rapidly between 800-1100°C, the value at
1000°C was still 40 m? g~ 1.
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Figure 5 Crystallite size and specific surface area of Ce;ZrOg pow-
ders heated at various temperatures.

4. Conclusions

Little detailed attention has been paid to the forma-
tion of Ce3ZrOyg (cubic). The hydrazine method has
been applied to the preparation of the compounds in
the system ZrQ,—CeO,. Solid solutions of metastable
t-Z10, and CeyZrOg are formed up to 30 mol %
CeO, and between 30-75 mol % CeO,, respectively.
Well-crystallized CesZrOg, consisting of ultra fine
particles (& 15 nm), is formed in the as-prepared pow-
der. Crystallite size and particle size of the Ce;ZrOg

powder are strongly dependent on the heating temper-
ature. Surface areas at low temperatures are very high;
the value at 1000°C is still 40 m? g~ L.
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