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Abstract

A 3 mol% Y2O3 zirconia stabilized powder has been synthesized by destabilization of an aqueous zirconia sol prepared by the
alkoxide hydrolysis method. The powder calcined at 500�C is ultrafine with tetragonal crystallites of about 8 nm, slightly agglom-
erated and with a narrow pore size distribution having an average pore size of 5.2 nm. Zirconia ceramics with density higher than

92%TD and grain size on the order of 100 nm have been obtained by uniaxial pressing at 500 MPa and vacuum sintering at
1000�C. Electrical conductivity of sintered samples, evaluated by complex impedance spectroscopy measurements, indicated that
the zirconia stabilized with 3 mol% Y2O3 can potentially be used as an oxygen semipermeable dense membrane, but only at a

relatively high temperature. # 2001 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Oxide materials with significant oxygen ionic con-
ductivity have a wide application in high-temperature
electrochemical devices such as solid oxide fuel cells
(SOFCs), oxygen pumps, oxygen sensors, oxygen separa-
tion membranes and membrane reactors for hydrocarbon
partial oxidation. These solid electrolyte materials should
have a high ionic conductivity at the operating tempera-
ture, desirable stability in both oxidizing and reducing
atmospheres and absence of the transport property
degradation with time.

Yttrium-stabilized zirconia is one of the most used solid
electrolyte in oxygen-ion conducting devices [1,2]. Stabili-
zation of the tetragonal or cubic zirconia in this system is
obtained by substitution of Zr4+ with Y3+ ions, main-
taining local charge balance with the creation of one oxy-
gen vacancy for every two Y3+ ions introduced.
Formation of a large concentration of oxygen vacancies
is very important as oxygen-ion conduction takes place
by movement of oxygen ions via these vacancies. The
bulk component of the total conductivity depends
mainly on the yttrium amount and is maximal when the
Y2O3 concentration is close to 9.5 mol% [2]. The grain-

boundary component of the total conductivity depends
also on the Y2O3 content, but it is more strongly related
to the microstructure (grain size and density) [3–5] and
grain-boundary structure determined by the type and
amount of impurities [6]. Different processing techni-
ques (including powder synthesis, compaction and pellet
sintering) have been used to modify the microstructure
of Y–TZP and grain-boundaries in order to increase
oxygen-ion transport. In this paper zirconia doped with
3 mol% Y2O3 (3Y–TZP) nanopowder was synthesized
by destabilization of an aqueous zirconia sol prepared by
hydrolysis of zirconium-alkoxide (and yttrium-chloride).
Air and vacuum sintering were performed to produce a
dense, gas-tight zirconia ceramic. Conductivity of sintered
samples was evaluated by complex impedance spectro-
scopy measurements.

2. Experimental

2.1. Sample preparation

Zirconia doped with 3 mol% Y2O3 nanopowder was
synthesized by hydrolysis of Zr(OC3H7)4 (Fluka, Swit-
zerland) dissolved in anhydrous ethanol with distilled
water (from highly diluted ethanol solution of YCl3
(Merck, Germany) and H2O), under acidic condition
(pH�1) and at room temperature (alkoxide, water and
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hydrochloric acid molar ratio was 1:2:0.5). An aqueous
sol was obtained by continuous evaporation and repla-
cing the ethanol with distilled water without changing
the concentration and pH. The hydroxides were pre-
cipitated by slowly adding this aqueous sol to a well-
stirred ammonium hydroxide solution (pH>11). The
precipitated powder was washed with distilled water
until there was no indication of residual Cl� (qualita-
tively determined by adding a few drops of the wash
effluent to a AgNO3 solution), and then three times with
absolute ethanol to remove free water and replace the
particle surface hydroxyl with ethoxy groups [7]. After
washing, the gel nanopowder was filtered, dried at
120�C for 1 day and calcined at 500�C for 1 h.

The calcined powder was dry milled with yttrium-sta-
bilized zirconia balls (TOSOH), uniaxially pressed at
500 MPa in a hard metal die with a diameter of 8 mm,
at room temperature. The pressed pellets were heated
with a heating rate of 5�C/min, held at 500�C for 1 h
and than pressureless sintered in air or in vacuum (0.5
Pa) at different temperatures up to 1070�C.

2.2. Characterization

The specific surface area of the as-synthesized and
calcined 3Y–TZP powders was measured by nitrogen
adsorption according to the BET method using a
Micromeritics ASAP 2400 instrument. The particle size
was calculated assuming spherically shaped particles by
dBET=6/(�Sv), where � is the density and Sv the specific
surface area of the sample. The X-ray diffraction mea-
surements were performed using a Philips PW 1050
instrument with CuKa radiation. Zirconia phases were
identified by comparison of the X-ray diffractograms
with the JCPDS database. The crystallite size was esti-
mated from the (111) reflection of the tetragonal phase
using the Scherrer equation (d=0.9l/�cos�, where l is
the wavelength of the radiation, � full width at half max-
imum and � the scattering angle) after subtracting the
instrumental broadening [8]. The density of the pressed
and sintered pellets was measured from the geometry and
the mass of the sample. The pore size distribution of the
3Y–TZP samples was measured by the nitrogen adsorp-
tion and determined according to the BJH theory from

the adsorption isotherm [9]. The average grain size was
estimated from SEM micrographs recorded with a high
resolution scanning electron microscope (HRSEM Philips
XS 30) operating at 20 kV.

2.3. Conductivity measurement

The a.c. conductivity (as a function of temperature) of
the sintered 3Y–TZP pellets was measured in air by the
pseudo four-probe impedance spectroscopy [10]. Mea-
surements were made with a Hewlett Packard HP
4284A and HP 4285A impedance analyzers from 20 Hz
to 3 MHz in temperature range 75–825�C (total of 25
experimental points). Electrodes were obtained by coat-
ing both sides of the 3Y–TZP sample discs with silver
paste. Samples were positioned between two silver discs
and pressed with a weak mechanical force controlled by
a screw/spring system.

3. Results and discussion

3.1. Characterization

Characteristics of the as-synthesized and the calcined
ZrO2–3 mol% Y2O3 powder are presented in Table 1.
The as-synthesized powder is amorphous, with a high
surface area and the average particle size of 3.4 nm, cal-
culated from multipoint BET. The mass loss of 25.1%
occurring on heating up to 1000�C is very close to the
theoretical value of 22.4%, that corresponds to decom-
position of hydroxides to oxides, i.e. Zr(OH)4 to ZrO2,
indicating the character of the as-synthesized powder.
During calcination at 500�C for 1 h the as-synthesized
powder crystallizes in tetragonal yttria-doped zirconia
solid solution and the surface area decreases con-
siderably to 122 m2/g (Table 1), due to partial sintering,
crystallization and particle coarsening. The average
crystallite size determined by XRD (7.8 nm) is close to
the average particle size of 8.2 nm, calculated from
BET, that could be an indication of a relative low
degree of agglomeration and/or a significant contribu-
tion of strain to the XRD line broadening. The presence
of agglomeration is confirmed by the shape of the

Table 1

Powders and green pellet characteristics

As-synthesized powder Calcined powder at 500�C Pellet pressed at 500 MPa

Surface area (m2/g) 294 122 116

Average particle size (from BET) (nm) 3.4 8.2 –

Phase composition Amorphous t-ZrO2 t-ZrO2

Average grain size (from XRD) (nm) – 7.8 7.5

Mass loss during heating up to 1000�C (%) 25.1 – –

Green density of pressed pellet (g/cm3) – – 2.41
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adsorption/desorption hysteresis loop of the calcined
Y–ZrO2 powder (Fig. 1) and microporosity of the cal-
cined particles (Fig. 2).

The 3Y–TZP pellet uniaxially pressed at 500 MPa has
a green density of 39.5%TD (Table 1) and a very fine
microstructure with unimodal pore size distribution and
the average pore size of 5.2 nm (Fig. 2). The adsorption/
desorption hysteresis loop, as an indication of the pore
morphology, is predominantly of type E [11], indicating
tubular capillaries with strongly varying widths, char-
acteristic for a powder compact with a lower agglomera-
tion state [12]. It is interesting to note that the pressed
pellet has only a little bit lower specific surface area than
the calcined powder (Table 1) and that the pore size dis-
tributions of the calcined powder and the pellet, uni-
axially pressed at 500 MPa, are very similar (Fig. 2). The
only change observed after uniaxial pressing is due to

elimination of the pores larger than 10 nm. This means
that relative dense packing is obtained already in the
powder. Thus, the calcined powder consists of relatively
dense packed crystallites and interparticle pores smaller
than those particles. During compaction, the structure
formed with closely packed primary particles is pre-
served and only some larger interagglomerate pores are
eliminated due to fragmentation and rearrangement
processes.

The 3Y–TZP pellets were sintered in air at different
temperatures up to 1070�C. The specific surface area and
total pore volume decrease after air sintering at 800�C for
1 h, but an appreciable quantity of open pores still
remains in the structure (Fig. 2). Simultaneously with
grain coarsening, an increase of the average pore size is
observed too (Fig. 2). Thus, a density higher than
90%TD can be achieved only with prolonged air sin-
tering at 1070�C (Fig. 3). Densification of the 3Y–TZP
is considerably improved by vacuum sintering, and a
structure with closed pores is obtained after vacuum
sintering at 1000�C for 1 h (Fig. 3). Better sinterability in
vacuum than in air can be explained by a positive sintering
pressure due to the removal of air and other adsorbents
from the pores, enhanced particle repacking and enhanced
diffusivity promoted by oxygen vacancies created under
vacuum at high temperatures [13]. A high-resolution
scanning electron micrograph of this sample (having
92.0%TD), presented in Fig. 4, shows uniform grain
structures with a small portion of intergranular pores
and the average grain size of about 100 nm.

3.2. Electrical conductivity

The impedance spectra of the zirconia stabilized with
3 mol% Y2O3 vacuum sintered at 1000�C for 1 h (hav-
ing density of 92%TD) were measured in air and those
obtained at 227, 376 and 527�C are presented in Fig. 5.
According to the impedance spectroscopy measurement,

Fig. 2. Pore size distribution of 3Y–TZP calcined powder, pressed

pellet and pellet air sintered at 800�C for 1 h.

Fig. 1. Adsorption/desorption hysteresis loop of the calcined 3Y–TZP

powder.

Fig. 3. Relative density as a function of sintering time.
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three different regions could be resolved: (a) a high-fre-
quency semicircle, due to the bulk resistivity and dielec-
tric properties, (b) an intermediate-frequency semicircle,
originating from the grain-boundary resistivity and (c) a
low-frequency semicircle, ascribing ion and electron

transfer at the surface contacting the electrode. It can be
seen that all those semicircles may not be found at every
spectra (selected measuring temperature) in the mea-
sured frequency range from 20 Hz to 3 MHz as the
resistivity is strongly temperature dependent. The grain-
boundary component of the total resistivity is dominant
in those spectra indicating a low grain-boundary con-
ductivity due to a high grain-boundary area, i.e. very
small grain size. The electrical conductivity values
derived from the impedance spectra obtained at differ-
ent temperatures are presented in Table 2. The con-
ductivity increases with temperature and the highest
value of about 10�3 ��1 cm�1, measured at 677�C, is in
the range of the already published data [6,14].

Fig. 5. Impedance spectra of 3Y–TZP vacuum sintered at 1000�C for 1 h.

Fig. 4. HRSEM micrograph of 3Y–TZP vacuum sintered at 1000�C

for 1 h.

Table 2

Conductivity of 3Y–TZP pellet vacuum sintered at 1000�C for 1 h

(pellet density is 92.0%TD, pellet diameter is 6.10 mm and pellet

thickness is 1.69 mm)

Measuring

temperature

(�C)

Total

conductivity

(��1 cm�1)

Bulk

conductivity

(��1 cm�1)

Grain boundary

conductivity

(��1 cm�1)

76 – 3.98�10�10 –

126 – 4.89�10�9 –

176 – 2.37�10�8 3.10�10�9

227 4.69�10�8 2.84�10�7 5.10�10�8

277 3.83�10�7 1.24�10�6 4.31�10�7

327 2.37�10�6 6.00�10�6 3.00�10�6

376 8.75�10�6 – 1.13�10�5

426 1.82�10�5 – 2.30�10�5

476 5.06�10�5 – 6.07�10�5

527 1.16�10�4 – 1.56�10�4

577 2.50�10�4 – –

627 5.01�10�4 – –

677 9.23�10�4 – –

Fig. 6. Linear plot of ln�T versus 104/T.
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The electrical conductivity results were analyzed by
an Arrhenius equation of the form:

� �T ¼ �0 �exp
�E

kT

� �

Fig. 6 shows the linear plot of ln�T versus 104/T. The
activation energies of the bulk and grain-boundary
conductivity are Eb=0.78 eV and Egb=1.00 eV, respec-
tively (with the corresponding pre-exponential factors of
7.6�103 and 3.1�105 ��1 cm�1). Considerably higher
activation energy of the grain-boundary conductivity is
due to the very fine grain size and causes that the sol–gel
derived zirconia stabilized with 3 mol% Y2O3 can be
used in electrochemical devices, but only at relatively
high temperatures.

4. Conclusions

(1) Zirconia stabilized with 3 mol% Y2O3 nano-
powder has been synthesized by destabilization of an
aqueous zirconia sol, prepared by alkoxide hydrolysis
method.

(2) Zirconia ceramics with density higher than
92%TD and grain size of about 100 nm have been
obtained by uniaxial pressing and vacuum sintering at
1000�C.

(3) The electrical conductivity of about 10�3 ��1cm�1

at 677�C, together with quite high grain-boundary acti-
vation energy of 1.00 eV suggest that the dense zirconia
stabilized with 3 mol% Y2O3 can potentially be used as
oxygen semipermeable dense membrane, but only at
relatively high temperatures.
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