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Abstract

The oxygen ion conductivity of zirconia-based solid electrolytes doped with 8 mol% Y,03;—ZrO, (YSZ) and 9 mol% MgO-ZrO, (Mg-PSZ) at
high temperature was investigated in terms of their thermal behavior and structural changes. At room temperature, YSZ showed a single phase
with a fluorite cubic structure, whereas Mg-PSZ had a mixture of cubic, tetragonal and some monoclinic phases. YSZ exhibited higher ionic
conductivity than Mg-PSZ at temperatures from 600 °C to 1250 °C because of the existence of the single cubic structure and low activation
energy. A considerable increase in the conductivity with increasing temperature was observed in Mg-PSZ, which showed higher ionic
conductivity than YSZ within the higher temperature range of 1300-1500 °C. A monoclinic-to-tetragonal phase transformation was found in
Mg-PSZ and the lattice parameter of the cubic phase increased at 1200 °C. The phase transformation and the large lattice free volume contributed
to the significant enhancement of the ionic conductivity of Mg-PSZ at high temperatures.
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1. Introduction

Zirconia-based solid electrolytes have attracted considerable
interest because of their excellent mechanical strength, trans-
port properties and thermal stability in both oxidizing and
reducing atmospheres [1,2]. These materials are used as an
electrolyte for solid oxide fuel cells (SOFC), oxygen sensor
and pump for deoxidizing of molten steel [3,4]. When divalent
or trivalent cations (e.g., Ca**, Mg®* and Y>*) are substituted
for tetravalent Zr** ions, oxygen vacancies O*~ are introduced
for charge compensation [5]. The vacancies act as mobile
electrical charge carriers because oxygen ions are transported
by hopping along their vacancy sites.

The effects of dopant size, concentration and valence state
on the ionic conductivity have been considered on the basis
that the cation substitution in ZrO, is accompanied by changes
in structure, vacancy concentration and defect association
energy [6]. Since these changes can affect the oxygen ion

*Corresponding author. Tel.: +82 51 510 2388; fax: +82 51 512 0528.
E-mail address: heesoo@pusan.ac.kr (H. Lee).

conductivity, it is important to prove the correlation between
the conductivity and the dopant type in ZrO, [7].

Many studies have been performed to improve the ionic
conductivity of the electrolytes, particularly the Y,0;-ZrO,
system, owing to their superb ionic conductivity [8-9]. The
MgO-ZrO, system, exhibiting better mechanical and thermal
properties than the Y,03-ZrO,, is suitable for high tempera-
ture applications [10]. However, previous studies have gen-
erally been focused on 8 mol% YSZ at SOFCs operating
temperatures (800-1000 °C). The research concerning ionic
conductivity of the electrolytes for oxygen pump as a high
temperature application is insufficient. In order to improve the
performance of oxygen pump for removing oxygen in molten
steel, the investigation of the conduction mechanism of Y,O3—
ZrO, and MgO-ZrO, systems at high temperatures (around
1500 °C) is required.

This paper discusses the structural dependence of the
oxygen ion conductivity of 8 mol% Y,03—ZrO, and 9 mol%
MgO-ZrO,. The ionic conductivity was examined at tempera-
tures up to 1500 °C, and the thermal behavior and structural
parameters of the electrolytes were analyzed to verify their
conduction behaviors.
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2. Experimental procedure

Zirconia powders doped with 8 mol% Y,0O; (Tosoh cor-
poration, TZ-8Y) and 9 mol% MgO (Saint-Gobain ZirPro,
MgZ02B) were used as raw materials. The powders were
formed into a rectangular (length 60 mm; width 7 mm) steel
die under a uniaxial pressure of 20 MPa, and then sintered at
1600 °C for 6 h in ambient atmosphere.

X-ray diffraction (XRD, PANalytical, X'Pert-Pro) patterns of
the sintered powder were collected at room temperature over a 26
range of 20-90° with a scan speed of 1°/min and a scan step of
0.02°/26. In situ high-temperature XRD was conducted to
determine the structural changes at 1200 °C. The lattice parameter
was refined by Rietveld analysis using the whole pattern
refinement module of PANalytical X'Pert HighScore Plus soft-
ware. The shape of the XRD peak and the background, were
fitted to a pseudo-Voight function and a fifth-degree polynomial,
respectively. Scanning electron microscopy (SEM, Hitachi,
S-4800) was performed to characterize the surface morphology
and grain size of the electrolytes.

The ionic conductivity of the electrolytes was measured
using a four-probe dc conductivity technique over the tem-
perature range of 600-1500 °C. The specimens were cut into
rectangular shapes (2.5 x 5.5 x 40 mm®). Four notches were
formed to tightly wind up the Pt electrode wires, and Pt paste
was applied to the wires and the notches to ensure connection
between the electrolytes with the electrode. This was followed
by calcination at 1000 °C for 1 h. Direct current was supplied
by a current source (Keithley, 2400), and the corresponding
voltage drop was collected using a multimeter (Agilent,
34401A). Differential scanning calorimetry (DSC, TA Instru-
ments Ltd., Q200) was used to determine the phase transfor-
mation of the YSZ and Mg-PSZ sintered powders, and
thermograms were obtained over a temperature range of
25-1500 °C at a heating rate of 5 K/min.

3. Results and discussion

Fig. 1 shows XRD patterns of the YSZ and Mg-PSZ
powders after sintering at 1600 °C. YSZ occurred as a single
phase with a fluorite cubic structure, whereas Mg-PSZ
exhibited a mixture of cubic, tetragonal and monoclinic
phases. The tetragonal and monoclinic phases were observed
when the MgO content in ZrO, was below 12-13 mol%,
which corresponds to the equilibrium phase for the ZrO,—MgO
system [11]. The lattice parameter of the cubic phase was
refined by Rietveld analysis of the XRD patterns, to determine
the effects of the dopant cations (Y and Mg®*) on the
structural parameters. A cubic structure with a lattice parameter
of 5.137 A was identified in YSZ due to the substitution of Y**
(r=1.019A [12] in eight-fold coordination) for et
(r=0.84 A [12]) sites. The lattice parameter of the cubic phase
of Mg-PSZ was 5.0774 A because the ionic radius of Mg**
(r=0.89 A [13]) was similar to that of Zr**.

SEM images in Fig. 2 show the surfaces of sintered YSZ
and Mg-PSZ. Coarse grains, > 5 pm in size, and a small
grain-boundary surface area were observed in YSZ, whereas
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Fig. 1. XRD patterns of YSZ and Mg-PSZ powders after sintering at 1600 °C.

the microstructure of Mg-PSZ was mainly composed of coarse
grains larger than 10 pm. Some small grains representing the
monoclinic phase were formed at the grain boundaries in Mg-
PSZ (indicated by arrows in Fig. 2b) [8]. This result
corresponds to the XRD patterns as shown in Fig. 1. It is
well known that the ionic conductivity of zirconia-based
electrolytes depends on their crystal structure, because the
cubic structure has higher ionic mobility than the tetragonal or
the monoclinic structure [5]. Therefore, YSZ with a single
cubic phase, is predicted to have high ionic conductivity.

Fig. 3 presents the oxygen ion conductivity of the YSZ and
Mg-PSZ from 600 °C to 1000 °C. The conductivity was
calculated using the following equation:

o = (C/T)exp(~E, /kT) (1)

where ¢ is the ionic conductivity, C is the pre-exponential
factor, T is the absolute temperature, E, is the activation energy
and k is Boltzmann's constant (8.6173324 x 107° eV/K). At
600 °C, the ionic conductivity of YSZ was 7.33 x 103°Scm™
and that of Mg-PSZ was 3.44 x 10 S cm™". Their conductiv-
ities increased linearly with the increase in temperature up to
1000 °C, and YSZ exhibited higher conductivity than Mg-PSZ
over the whole temperature range. However, Mg-PSZ showed
a considerable increase in conductivity. The conductivities at
1000 °C were 6.83 x 107> S em™" and 2.15 x 107> S em™" for
YSZ and Mg-PSZ, respectively.

In contrast, the electrolytes exhibited different conduction
behaviors in the high temperature range of 1000-1500 °C,
as illustrated in Fig. 4. Mg-PSZ showed higher ionic
conductivity than YSZ at temperatures above 1300 °C. It
is expected that the oxygen permeation property of the
oxygen pump with Mg-PSZ will be excellent because of its
high ionic conductivity within the high temperature range
(1300-1500 °C). The slope of the Arrhenius plots of Mg-PSZ
gradually increased with increasing temperature, whereas the
slope of YSZ was almost constant. This suggests that the ionic
conductivity of Mg-PSZ was significantly enhanced by increas-
ing temperature. Takahashi and Iwahara reported a similar
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Fig. 2. SEM images of the surface of sintered (a) YSZ and (b) Mg-PSZ.
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Fig. 3. Oxygen ion conductivity of YSZ and Mg-PSZ from 600 °C to 1000 °C.
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Fig. 4. Arrhenius plots of oxygen ion conductivity of YSZ and Mg-PSZ from
1000 °C to 1500 °C.

tendency for a rapid increase in ionic conductivity of pure Bi,O3
in a certain temperature range, which was confirmed by a phase
transformation [14]. This conductivity reversion was attributed
to the phase transformation, to the structural changes in Mg-
PSZ, or perhaps both.

The activation energy of YSZ and Mg-PSZ were derived
from the Arrhenius plots of the conductivity, and are listed in
Table 1. The plots in the lower temperature range of 600-
1000 °C were linear, with activation energies of 0.48 eV and
1.11 eV for YSZ and Mg-PSZ, respectively. The activation
energy of Mg-PSZ increased considerably from 1.24 eV to
1.81 eV in the higher temperature range. The increase of
activation energy at higher temperatures is caused by electro-
nic conductivity. It is probable that the oxygen partial pressure
decreases during conductivity measurement at high tempera-
ture, which leads to the increase of electronic conductivity and
activation energy [15]. When large dopant cations are sub-
stituted for Zr** jons, the ionic conductivity is reduced by a
steric blocking effect. The large cations can disturb the
migration of oxygen vacancies more effectively, which can
lead to an increase in activation energy [6]. Mg-PSZ had less
of a mismatch in the ionic radii of the dopant and host cations.
For this reason, it exhibited superior ionic conductivity
compared to YSZ, within the high temperature range (1300-
1500 °C), in spite of the higher activation energy. The
discrepancies between the activation energy and the ionic
conductivity can be explained by defect association and
oxygen vacancy concentration.

Badwal reported that the vacancy concentration of M>*
doped ZrO, was approximately 3.75%, and that of M** doped
7r0, was 6-6.5% [8]. ZrO, with alkaline earth metal cations
(M?*) was less effective than rare earth cations (M>") because
the M?" cation substitution can lead to an increase in defect
association (dopant—vacancy interaction), reducing the vacancy
mobility [16]. Mg-PSZ exhibited poor conductivity below
1000 °C because of the high activation energy by defect
association, and the existence of the tetragonal and the
monoclinic phase. On the other hand, its superior conductivity
compared to YSZ was inferred by the large oxygen vacancy
concentration and by the fact that there was sufficient energy to
overcome the defect association within the high temperature
range (1300-1500 °C).
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Table 1
Activation energy (E,) and ionic conductivity values of YSZ and Mg-PSZ.

Electrolytes E, (eV) Low temp.

E, (eV) High temp.

Conductivity ¢ (S cm™)

600-1000 °C 1000-1250 °C 1250-1500 °C At 1000 °C At 1500 °C
YSZ 0.48 0.58 0.70 6.83 x 1072 2.72x 107!
Mg-PSZ 1.11 1.24 1.81 2.15x 1072 8.54 x 107!
Table 2
Y8z Structural parameters of YSZ and Mg-PSZ refined at room temperature and
Mg-PSZ 1200 °C.
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Fig. 5. DSC thermogram curves of YSZ and Mg-PSZ as a function of
temperature.

The thermal behavior was examined by DSC to determine
whether structural changes in YSZ and Mg-PSZ occurred at
high temperature. In Fig. 5, both YSZ and Mg-PSZ exhibited a
dominant peak around 700 °C. This peak is associated with the
formation of the oxygen vacancies by losing the lattice oxygen
with increasing temperature [17]. A small exothermic peak
(corresponding to the monoclinic-to-tetragonal phase transfor-
mation) was observed around 1200 °C in Mg-PSZ. The
monoclinic phase with large lattice distortion, leads to a high
degree of anisotropy of oxygen sites thus disturbing oxygen
ion hopping [18]. Generally, partially-stabilized zirconia exhi-
bits two or three phases according to the dopant concentration,
and the monoclinic-to-tetragonal transformation occurred at
approximately 1100-1200 °C. A small amount of the residual
monoclinic phase transformed to the tetragonal phase at this
temperature, and the transformation contributed to the increase
in ionic conductivity.

Table 2 lists the parameters selected for the crystal structure
of the electrolytes obtained from the Rietveld refinement of the
HT-XRD patterns. The lattice parameters of the cubic phase
for YSZ and Mg-PSZ increased to 5.202 A and 5.146 A at
1200 °C, respectively. The degree of increase in lattice the
parameter was similar (0.065 A and 0.069 A), but Mg-PSZ had
a large lattice free volume at high temperature due to the
smaller ionic radius of Mg”* (0.89 A) compared with Y**

Electrolytes Room temp. High temp. (1200 °C)
a[A] v A%) a [A] vV IA%]

YSZ 5.137 135.6 5.202 140.8

Mg-PSZ 5.077 130.9 5.146 136.3

(1.019 A). Cook and Sammells reported that a larger lattice
free volume provided more space for easy oxygen ion hopping
[19]. The enhancement of ionic conductivity with increasing
temperature was attributed to the increased lattice free volume
which enabled the oxygen ions to move more easily.

4. Conclusions

The oxygen ion conductivity of 8 mol% Y,03;—ZrO, (YSZ)
and 9 mol% MgO-ZrO, (Mg-PSZ) from 600 to 1500 °C was
investigated. Mg-PSZ showed higher ionic conductivity than
YSZ within the higher temperature range (1300-1500 °C). The
ionic conductivities of YSZ and Mg-PSZ increased with
increasing temperature, and were 2.72x 107" Scm™' and
8.54 x 107" Scm™" at 1500 °C, respectively. Mg-PSZ exhib-
ited the monoclinic-to-tetragonal phase transformation around
1200 °C, and this temperature led to an increase in the lattice
parameter of the cubic phase. Mg-PSZ had a large lattice free
volume because the ionic radius of Mg2+ (0.89 A) is smaller
than that of Y>* (1.019 A). The significant enhancement of
ionic conductivity of Mg-PSZ was attributed to the phase
transformation, and to the large lattice free volume providing
more space for the easy movement of oxygen ions. Further
investigation will be progressed to determine the conduction
mechanism of the electrolytes by electrical and structural
analyses.
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