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Abstract

Yttria-stabilised zirconia powders and films have been obtained from Zr(IV) peroxides by hydrothermal crystallisation at tem-
peratures in the range 125–200�C. The thermodynamic evaluation evidenced that formation of Zr(OH)5

� in H2O2 solutions increa-

ses solubility of Zr (IV) hydrated species and improves the kinetics of the new phase formation by the solubilisation-reprecipitation
process. Powders with crystallite sizes in the range 6–22 nm have been obtained. The kinetic parameters for the crystallisation
process were calculated using Avrami’s approach to control the nanocrystalline structure. Nanocrystalline films consisting of pla-
telet YSZ crystallites were also hydrothermal deposited on alumina substrate of YSZ suggesting a layer to layer growing mechan-

ism. # 2001 Elsevier Science Ltd. All rights reserved.

Keywords: D.ZrO2; Films; Ionic conductivity; Nanocomposites; Powders: hydrothermal synthesis

1. Introduction

Zirconia ceramic materials are known as important
candidates for high tech functional and structural
applications. Stabilised Y2O3–ZrO2 ceramics (YSZ) is
the most common solid electrolyte used in various
applications as oxygen sensors or fuel cells. Their utili-
sation made automotive and industries more environ-
ment friendly due to its adequate level of oxygen ion
conductivity and desirable stability in both oxidising
and reducing atmospheres. To improve the ionic con-
ductivity in a large temperature range, different ways
have been proposed:

(a) Partial or total replacement of Y2O3 with Sc2O3
1

having a maximum corresponding to the compo-
sition (Y0.5Sc0.5)0.3Zr0.7O1.85. The higher price of
dopants and the conductivity decrease observed
with holding time due to the structural modifica-
tions limit their utilisation.

(b) Reducing the diffusion and transport distances
using nanocrystalline membranes and thin films.
Kosaki et al.2 found that nanocrystalline YSZ
(16 mol%Y2O3) thin films with mean grain sizes
in the range 10–200 nm materials exhibited two-
three orders of magnitude increase in con-
ductivity compared to polycrystalline and single
crystalline materials.

(c) Development of composite ceramic materials
with enhanced grain boundary conductivity. It
was reported that the grain boundary resistivity
may be modified due to the segregated elements.3

In order to obtain nanocrystalline zirconia powders
different physical, mechanical and chemical methods
have been proposed. Among the wet chemical synthesis
routes the hydrothermal methods are mentioned to have
great potential for the near-room temperature manu-
facture of both nanopowders and films.4,5 The main
advantages of these routes are related to the homo-
geneous nucleation processes and very low grain sizes
due to elimination of the calcination step. The present
paper investigates the hydrothermal synthesis of zirco-
nia nanomaterials from soluble Zr peroxide precursors.
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2. Thermodynamic evaluation

The evaluation of the Gibbs free energy of formation
of zirconia has been made considering as starting pre-
cursors Zr4+(1), Zr(OH)3+ (2), Zr(OH)2

2+ (3), Zr(OH)3
+

(4) and Zr(OH)4 (5), based on the values of the hydro-
lisis constants given in6 and using the HSC soft (Out-
okumpu Oy, Pori, Finland). The results are presented in
Fig. 1.
The calculation has been made considering the gen-

eral hydrothermal reactions:

Zr OHð Þ
z�yð Þþ
y þ z� yð ÞOH�

¼ ZrO2 þ
z

2
H2O ð1Þ

where z is the valency and y=1. . .z is the stoiechio-
metric coefficient of the hydrated species. It can be
observed that increasing the degree of hydration ‘‘y’’ of
the initial precursor and the temperature the equili-
brium of the hydrothermal synthesis reaction goes
toward the formation of ZrO2. Increasing the addition
of hydroxil ions in the system gives rise to the formation
of hydrous species Zr(OH)5

�, with higher solubility con-
stant (Fig. 2):

lnKs ¼ �
1

RT
	Gsol

y ð2Þ

It has been shown that the formation of ZrO2 (as well
as of the most of other oxides) in hydrothermal solu-
tions takes place by a solubilisation-reprecipitation
process and a sufficient degree of supersaturation and
the presence of nucleation sites are required. Conse-
quently, increasing the solubility of the Zr (IV) hydrated
species one may expect to improve the kinetics of the
new phase formation. It was also reported that utilisa-
tion of peroxo-precursors has important advantages in

lowering ZrO2 synthesis temperature and improving
kinetic conditions.7 This was also explained in terms of
an increased solubility of the complex formed in the
reaction8

Zr4 OHð Þ8
� �8þ

þ12 OH�

þ 6H2O2 () 4 HOOð ÞZr OHð Þ6
� �2�

þ4 Hþ ð3Þ

3. Experimental procedure

A feedstock Zr (IV) solution has been prepared by
solubilisation of pure ZrCl4 into distilled water. The
precursor was then prepared by mixing this solution
with the appropriate amount of sodium hydroxide con-
taining H2O2 solution according to reaction (3). Yttria
has been dissolved in the zirconia solution in the
appropriate amount corresponding to 9.5 mol% ratio.
YSZ powders were then precipitated by controlled
decomposition of the Zr (IV) complex in Teflon auto-
claves in the temperature range 125–200�C and times
from 1 to 4 h. The precipitates have been filtered, washed
with distilled water to remove the soluble chlorides and
ethanol to reduce agglomeration and dried for several
hours in air at 110�C. In some experiments sintered
alumina tapes were immersed in the solution in the
autoclave. Phase composition of powders was investi-
gated by XR diffraction. The degree of crystallisation of
cubic ZrO2 phase (xc) has been calculated from the
ratios between the areas of the characteristic [111] peaks
of samples and standard samples obtained by ammonia
coprecipitation. The mean crystallite sizes were calcu-
lated according to the Sherrer formula from the broad-
ening of the [111] characteristic peak of the crystalline
phases. Scanning electron microscopy (Cambridge SM
250) was performed on powders and films after gold
deposition in vacuum.

Fig. 1. Evaluation of the Gibbs energy of formation of hydrous zir-

conia species.

Fig. 2. Solubility of Zr(OH)4 (&) and Zr(OH)5
� (*) species vs. tem-

perature of hydrothermal solutions.
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4. Results and discussions

In the temperature range 125–200�C cubic zirconia
phase has been formed, the degree of crystallisation
increasing with time and temperature of hydrothermal
treatment (Table 1). Powders with large peaks, typically
for the nanopowders have been prepared (Fig. 3).
Increasing temperature and time monoclinic zirconia
phase has also been formed. The calculated mean crys-
tallite sizes increases from about 6 nm to a maximum of
22 nm. The SEM micrographs shows that powders with
homogeneous size distribution have been formed (Fig. 4).
Some agglomerates can also be observed.
The kinetic constants of the crystallisation process

have been studied using the equation proposed by
Avrami

lnln
1

1� xc
¼ lnk� nlnt ð4Þ

where xc is the fraction of the crystalline phase crystal-
lised at the given time, k is the kinetic factor and n is the
time exponent. The calculated values are presented in

Table 1. The values obtained correspond to a diffusion-
controlled crystallisation process.
The proposed hydrothermal route allowed the direct

synthesis of nanocrystalline films by deposition on alumina

Table 1

Cubic zirconia crystallisationa

Temperature

(�C)

Cubic phase Monoclinic phase Kinetic constants

Xc (%) D111 (nm) Xm (%) D111 (nm) k n

125 21 7 – – 1.65	10-9 2.09

150 47 17 20 14 3.47	10-8 1.871

175 69 19 26 22 1.285	10�6 1.241

200 56 22 25 23 2.698	10�5 1.308

a Crystallisation degree and mean crystallite sizes for 2 h hydrothermal reaction.

Fig. 3. XRD patterns of YSZ powders obtained from soluble Zr(IV)

peroxide precursors.

Fig. 4. SEM micrograph of YSZ powders obtained via hydorthermal

process from soluble Zr(IV) peroxide precursors (2 h at 200�C).

Fig. 5. SEM micrograph of YSZ film hydrothermal deposited on

Al2O3 substrate.
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substrate. The SEM of the deposited films (Fig. 5)
showed that it consists from platelate crystallites of
YSZ, their morphology suggesting a layer to layer
growing mechanism.
According to the well known brick-layer model, one

could expect the grain boundary ionic conductivity of
YSZ ceramics decrease with decreasing grain size. In the
case of YSZ–Al2O3 nanocomposits and films however,
the first preliminary results indicate an important
enhancement of the grain boundary conductivity. This
could be explained if we consider the phase limits as
short-circuits for the conduction of oxygen vacancies.

5. Conclusions

Yttria stabilised zirconia powders can be obtained at
low hydrothermal temperatures from Zr (IV) peroxide
precursors. The determination of the kinetic constants
allows to control the crystallisation process to obtain
powders with crystallite sizes in the range 6–22 nm.
Preliminary tests make us expect that materials obtained
starting from this precursors could contribute to sig-
nificantly improve the ionic conductivity of the solid
state conductor.
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