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Abstract

The tetragonal zirconia solid solution field in the ternary system ZrO,—Y,O3-TiO» has been established, and the influence of TiO,
addition on the electrical properties of the formed ternary Ti-YTZP solid solutions has also been studied. The unit cell parameters
determined from the X-ray diffraction patterns of the sintered samples, and the data obtained from X-ray absorption (XANES and
EXAFS) were used to provide information on the environment of Ti atoms. The electrical conductivity of the Ti-YTZP tetragonal
solid solutions decreases with increasing titania concentration. EXAFS and XANES results show that as the TiO, dissolves into the
tetragonal zirconia YTZP matrix, a displacement of Ti** ions from the center of symmetry seems to take place which leads to a
state of non-random substitution of Ti*" ions on Zr** lattice sites. Ti~O bond distances derived from EXAFS indicate that Ti ions
can be in a square-pyramidal arrangememt, i.e. five-fold oxygen coordinated. As consequence, two kinds of cation—oxygen vacancy
associations with different diffusion dynamics are created. This results in a decrease in the global concentration of moving oxygen
vacancies and, therefore, in a decreasing of the ionic conductivity. © 1999 Elsevier Science Ltd and Techna S.r.l. All rights reserved
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1. Introduction

Ceramic oxides exhibiting both oxygen ionic and
electronic conductivity are widely known as mixed-con-
ductors, and are attracting interest as candidates to be
used as electrodes (mainly as anodes) in several appli-
cations, as for example in solid oxide fuel cells, oxygen
separation membranes and electrocatalysts for the par-
tial oxidation of hydrocarbons [1-3]. The advantages of
such mixed-conductors against the purely electronic
ceramic electrodes, as for example La;_,Sr,MnO; per-
ovskites, are the following: (i) a higher phase stability
because of its solid state compatibility with the electro-
lyte, (ii) the charge-transfer reactions in electronic con-
ductors are limited to regions of three-phase (gas—
electrode—electrolyte) contact, while in the mixed-con-
ductors such reactions can take place over the entire elec-
trode—gas interfacial area, and (iii) the above two
characteristics lead to a better behavior in that concerning
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the polarization and efficiency losses at the SOFC oper-
ating conditions. Given that an increased electrode
polarization is more significant than an increased elec-
trolyte resistance in lowering the SOFC operating tem-
peratures, many efforts are addressed in developing new
materials having the adequate level of both ionic and
electronic conductivity to enhance the electrode kinetics
at lower temperatures [4,5].

A good mixed-conductor ceramic material was pre-
pared in the system ZrO,-Y,O3;—CeO, [6], but a rea-
sonably good mixed-conductivity was only obtained at
temperatures as high as 1500°C, well above the operat-
ing temperatures of a SOFC device. In the last decade
research efforts have been concentrated mainly in the
ZrO»-Y,03-TiO, system and several papers have been
published on the characteristics of mixed-conductors of
the yttria-stabilized zirconia doped with titania for-
mulated in the cubic zirconia solid solution field of the
ternary system. The major paper was that of Liou and
Worrell [7] who reported an increase in the electrical
conductivity with increasing titania concentration (1-5
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mol%), and such increased conductivity was attributed
to an enhanced grain boundary one. Contrarily to these
results, Naito and Arashi [8] reported that the electrical
conductivity of YSZ doped with 0-10 mol% TiO,
decreased with increasing titania concentration and
such a behavior was attributed to the blocking of oxy-
gen ion transport by Ti*" ions in the grain boundary. In
the same way Traqueia et al. [9] found that the ionic
conductivity of the same titania-doped YSZ decreases
with increasing titania content, about one order of
magnitude with respect to undoped YSZ, thus confirm-
ing the Naito and Arashi [8] results. The role of grain
boundaries on the electrical behavior of YSZ-10TiO,
was also studied by Colomer et al. [10].

Although the titania-doped ZrO,—Y ;03 solid solution
with fluorite structure has been quite well studied, the
same cannot be said with respect to the titania-doped
Zr0O,-Y 05 solid solution with tetragonal structure, and
only a few papers have appeared in the literature
[11,12]. For example, Kopp et al. [11] studied the stabi-
lity range of the tetragonal phase in the ZrO,-Y,O;—
TiO, system and the electrical behavior of titania (1-30
mol%)-doped tetragonal zirconia (I1-4 mol% Y,03)
compositions was also reported. It was found that the
ionic conductivity decreases with increasing TiO, con-
tent in the 500-700°C temperature range and 10* to 103
Pa of oxygen partial pressures. Recently Rog and
Borchardt [12] reported that the electrical conductivity
of tetragonal zirconia (2 mol% Y,0s3) increased with
TiO, content (4-13 mol%) in the temperature range
800-1000°C at oxygen partial pressure of 0.1 Pa. A clear
explanation for such a contradictory electrical behavior
of TiO,-doped tetragonal zirconia was not reported.

In the present work making use of XRD, SEM, X-ray
absorption spectroscopy (XAS) using synchrotron
radiation, and particularly the X-ray absorption near-
edge fine structure (XANES) and the extended X-ray
absorption fine structure (EXAFS) spectra, and the a.c.
complex impedance spectroscopic electrical conductivity
measurements in air, we try to achieve a better under-
standing of the role of titania on the ionic conductivity
of yttria-doped tetragonal zirconia.

2. Experimental procedure

Yttria-doped tetragonal zirconia, Y-TZP, powders (3
mol% Y>05; from Tosoh Co.) with TiO, content ran-
ging from 0 to 20 mol% were prepared by precipitation,
on an aqueous suspension of the Y-TZP powders, the
appropriate amount of titanium tetrabutoxide with
ammonium hydroxide. The final pH of the suspension
was >9 to ensure a qualitative titanium hydroxide pre-
cipitation. A homogeneous powder of Y-TZP spheres
coated by the titanium hydroxide nanoparticles was
obtained at the end of the precipitation process. After

being dried at 120°C in air overnight the powders were
ball-milled in methanol for 2 h, re-dried at 80°C for 5 h,
and calcined at 900°C for 2 h. After calcining the pow-
ders were ground and isopressed at 200 MPa and sin-
tered at 1300-1450°C for 5h in air. The crystal
structures of the sintered samples were studied using an
X-ray diffractometer (Siemens D-5000), measuring the
variation of the lattice parameters ¢ and ¢ with increas-
ing titania content. The sintering density of all samples
was higher than 96% of theoretical, and the grain size
varied from 0.3 to 2 um in those samples containing the
tetragonal zirconia solid solutions as the only phase.

X-ray absorption measurements at the Ti—-K edge
were made at the storage ring (DCI D44 station) at the
LURE synchrotron in Orsay (France) under the oper-
ating conditions of 1.85 GeV electron energy and 250
mA ring current. Energy selection was accomplished by
using a double crystal monochromator with Si(111)
crystals. At the Ti-K absorption edge, a flux of mono-
chromatic synchrotron radiation of 10'° photon/s with
an energy resolution of about 1.0 eV was obtained.

In the specific case of the TiO,-YTZP samples, the
required amounts of TiO,-YTZP powders were diluted
with boron nitride powder and pressed into an alumi-
nium sample cell with X-ray transparent windows. The
XAS spectra were collected at liquid-nitrogen tempera-
ture in the transmission mode and using two gas ioni-
zation chambers as detectors. The XAS spectra were
taken at the Ti—K absorption edge within the energy
range between 4900 and 5700 eV with a step width of
0.5 eV. A Ti foil standard (4964.5 eV) was used for
energy calibration.

For analysis of the XANES region, the spectra were
normalized as previously described [13] avoiding, where
possible, deviations between the data and tabulated X-
ray absorption coefficients both below and above the
edge.

Given that reliable quantitative XANES calculations
have only been possible on solids with simple structures,
the interpretation of geometrical and chemical changes
in more complex structures, as is the present case of
TiO»—Y,03—ZrO> solid solutions, will be limited to a
qualitative study of these compounds and comparing
them with other well-known samples as a reference. On
the other hand, since the phase equilibrium diagram of
Fig. 3 is tentative, the subsequent XAS studies were
carried out only on those samples which appeared to
contain the tetragonal zirconia solid solution as the only
phase according to XRD. Thus the features of Ti-K
XANES for TiO,-YTZP fine powders containing 5 and
10 mol% TiO, were used as “fingerprints” to analyze
the structural changes, if any, produced as a con-
sequence of the solid solution of TiO, into yttria-doped
tetragonal zirconia.

The EXAFS spectra were analyzed using the standard
EXAFS plane wave equation:
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Sin[2kR; + (k)]

where k is the momentum of the photoelectron ejected
in the X-ray absorption process, and x is the normalized
oscillations of the fine structure. All the structural
parameters contained in this equation as well as their
interdependence have been widely described in the lit-
erature [14,15] and will not be repeated here. However,
it must be mentioned that the EXAFS spectra were
analyzed taking into account the PC program developed
by Bonin et al. [16] using the theoretical amplitude and
phases shift function proposed by Rehr et al. [17]. In
this way the coordination numbers (%)), the bond dis-
tance (R), and the relative bond length disgregacion or
Debye-Waller factor (Ao?) with reference to the model
compound were obtained. To take as an example in this
study Fourier transforms (FTs) of Ti EXAFS from
K=2 to 12 A~ were back-transformed from R=1 to
2.1 A to obtain the Ti~O first shell and R=2 to 3 A for
the Ti—Ti second shell. These FTs give pseudo-radial
distribution functions around the absorber cations, and
curve fitting, as mentioned above, utilized the theore-
tical amplitude and phase shift functions calculated
from the FEFF program [17]. For Ti EXAFS, empirical
amplitude and phase functions derived from TiO, were
used to fit othe Ti—O shells, with Fourier filter windows
of 0.9-1.8 A.

Platinum paste (Engelhard 6082) was painted on both
sides of the sintered discs which were dried in an oven at
120°C to eliminate the solvent. After drying, the elec-
trode samples were annealed at 800°C for a short time,
about 30 min, to avoid an excessive shrinkage of the pla-
tinum electrodes. To these electrode samples were welded
platinum lead wire and placed in the hot zone of a pro-
grammed furnace with a chrome-alumel thermocouple
located on the mid-point of the electrode sample.

The temperature dependence of electrical conductivity
measurements were carried out using an impedance ana-
lyzer (Hewler Packard model 4192A) in the frequency
range of 5 Hz to 13 MHz. Measurements were made in
air in the temperature range 200-800°C. For compar-
ison, an undoped Y-TZP sample sintered in the same
conditions as for TiO,-doped Y-TZP ones was used.

3. Experimental results
3.1. Tetragonal phase Ti-YTZP existence field

As can be seem in Fig. 1 the lattice parameters a and ¢
of tetragonal zirconia Y-TZP decrease and increase,
respectively, with increasing TiO, concentration and
appear to reach a constant at about 13 mol% TiO,. Fig. 1
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Fig. 1. Variation of unit-cell dimensions and tetragonality of TiO,-
doped Y-TZP solid solutions after sintering at 1450°C.

also shows the variation of the tetragonality ¢ /a, as a
function of the TiO, content. As mentioned above, the
tetragonality remains constant beyond 12 mol% TiO,,
confirming the statement for the solubility limit for
TiO, in tetragonal zirconia Y-TZP. These results are
consistent with the SEM observations, as shown in
Fig. 2, in which a composition containing 15 mol%
TiO, showed both a considerable amount of a second
phase, the zirconium titanate (ZT), and an enhanced
grain growth. Therefore, the solubility limit of TiO, into
tetragonal zirconia Y-TZP is well below 15 mol% up to
1450°C. These solid solubility data for TiO, in Y-TZP
are somewhat lower than those reported by Lin et al.
[18] and Kontouros et al. [19], but they are in agreement
with Hoffman et al. [20] and Rog and Borchardt [12].
The different powder preparation methods used could
be the main source for the controversy.

In order to establish the tetragonal zirconia solid
solution field in the ZrO,-TiO,—Y,O; system, a series of
solid-state reactions between tetragonal zirconia ZrO,—
15TiO,+ Y503 and Y-TZP+TiO,, not shown here,
were studied at 1450°C [21]. Occasionally, a composi-
tion containing 90 mol% (ZrO,—8 mol% Y,03)-10
mol% TiO, (YSZ-10Ti) also was sintered in the same
conditions. From the results obtained a tentative phase
equilibrium diagram at the ZrO, corner of the ternary
system is proposed as shown in Fig. 3, which is some-
what different to that previously established by Tsu-
kuma [22] and Kontouros et al. [19].
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Fig. 2. SEM micrographs of surfaces of as sintered TiO,-YTZP samples at 1450°C: (a) 1 mol% TiO,, (b) 5 mol% TiO,, (c) 10 mol% TiO, and (d)

15 mol% TiO,. Arrow indicates second phase. Bar=2 um.

3.2. EXAFS spectra at the Ti-K edge

The room temperature Ti-K-edge EXAFS spectra of
the two 5Ti-YTZP and 10Ti-YTZP tetragonal zirconia
solid solutions are shown in Fig. 4(a). As mentioned
before, the energy zero was taken as the K-edge energy
of pure Ti metal (4966.4 eV). The normalized Ti
EXAFS for those tetragonal zirconia solid solutions
plotted as x(k) are shown in Fig. 4(b), and the Fourier
transformation of these radial structure peak yields a
filtered (k) signal, as shown in Fig. 4(d), which were
used to study the local structure around titaniun
cations.

Utilizing amplitude and phase shift functions derived
from the TiO, model system a quantitative analysis of
the first Ti—O shell, as shown in Fig. 4(c), was per-
formed. The first mayor peak in the FTs, between about
1.3 and 2 A, corresponds to the nearest neighbor
around the Ti cation and the second peak, between 2

and 3 A, corresponds to the next nearest neighbors, i.e.
Ti—Ti or Ti—Zr cations. The peaks for higher R values
belong to outer cation—cation shell. From the FTs a
slight decreasing of the amplitude of Ti EXAFS with
increasing TiO, content can be noticed, which is in close
agreement with the results obtained for Ce-doped tetra-
gonal zirconia [23], and indicates an increased distortion
of the cation network.

Quantitative fitting results, as is shown in Table 1, for
the Ti—O shell led to two sets of bond lengths, 1.73 and
1.87 A for the STi-YTZP solid solution, and a total
coordination number of ~6. In the same way, two sets
of bond lengths, 1.88 and 2.05 A with a total coordina-
tion number of ~4, were found for the 10Ti-YTZP solid
solution. Thus, the local environment around Ti*"
seems to be concentration-dependent [24]. Therefore
these results are consistent with a change of coordina-
tion number (6 to 5 or 4 for Ti) from pure TiO, to tet-
ragonal zirconia solid solutions. Finally, quantitative
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fitting of the first Ti-cation (Zr and/or Ti) shell were in the specific case of the 10Ti-YTZP tetragonal zirconia
performed using calculated amplitude and phase func- solid solution. No quantitative analysis was performed
tions of a Ti—Ti pair. A distance of 2.81 A was obtained for the 5Ti-YTZP one. That Ti-Ti distance is much
shorter than that of the corresponding Zr-cation shell
(3.61-3.62 A) [25]. This can indicate that Ti** ions do
not randomly substitute Zr** lattice sites according to a
statistical process [26].

3.3. XANES spectra

X-ray absorption near-edge (XANES) spectra at the
Ti—K absorption edge for 5Ti-YTZP and 10Ti-YTZP
are shown in Fig. 5. Given that the structure of both
samples is tetragonal the spectra are quite similar. The
energy of the Ti—K absorption edge corresponds to the
electronic transition from the 1s core level to unoccu-
pied high-energy states, and has been determined as the
inflexion point of rising edge of the XAS data. Such a
shoulder was located at about 4972.8 eV which is
somewhat higher than that of metallic Ti as con-
sequence of the different oxidation state of that cation
in both cases. For energies lower than that of the Ti-K
absorption edge a relatively sharp pre-peak located at
almost the same energy (4967.5 eV), but with different
intensity for 5 Ti-YTZP and 10Ti-YTZP samples, was
present in the XANES spectra. Above the Ti-K

Fig. 3. Room temperature phase composition at the ZrO,-rich region
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peak located at slightly different energies, 4983.6 and
4983.2 eV, for 5Ti-YTZP and 10Ti-YTZP samples,
respectively.

Given that the XANES spectra can be taken as the
fingerprints to be compared with those of well-known
structure compounds as reference, then the XANES
spectra of our tetragonal zirconia solid solutions were
compared with those, not shown here, of the rutile (with
Ti ions six-fold coordinated), Ti(OEt)4 (five-fold coordi-
nated), and Ba,TiO4 and Ti(OAm), (four-fold coordi-
nated), respectively [27-30]. The octahedral coordinated
compounds (rutile and/or anatase) are characterized by
several pre-edge peaks of low intensity and centered at
an energy of 4968 ¢V, Ba,TiO, and Ti(OAm), with Ti
ions tetrahedral coordinated exhibited a strong pre-edge

Table 1
Fitting results of Ti EXAFS for Ti-doped tetragonal zirconia samples

M-O R(A) CN  Ac?(A2x1073)
First shell
STi-YTZP Ti-O 1.73 2.6 0.1
Ti-O 1.87 3.8 0.1
10Ti-YTZP Ti-O 1.88 2.2 0.1
Ti-O 2.05 1.6 0.1
Second shell
10Ti-YTZP Ti-Ti 2.81 2.2 0.1
z
o
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Fig. 5. Comparison plot of K-edge XANES spectra of Ti in 5Ti-
YTZP and 10Ti-YTZP tetragonal zirconia solid solutions with several
Ti—O reference compounds.

peak at an energy of 4967 eV, Ti(OEt), with Ti ions
coordinated by five oxygen ions in a square-pyramidal
distribution showed a relatively sharp pre-edge peak at
4967.5 eV. Then, from the above XANES spectra data
it seems reasonable to state that the intensity, shape and
energy position (4967.5 e¢V) of the pre-edge peak of the
Ti-YTZP tetragonal zirconia solid solutions compares
well with that of the Ti(OEt); compounds with a
square-pyramidal arrangement.

The characteristics of the post-edge peak present in
the Ti-YTZP XANES spectra, i.e. lower energy and
higher intensity for increasing TiO, content, can indi-
cate a change in the geometrical arrangement of the
scatterer ions in the Ti environment. Such a suggestion
is consistent with the results of Zschech et al. [26].

3.4. Electrical properties

The a.c. conductivity results were plotted in the com-
plex impedance plane, and a typical a.c. impedance
spectrum for titania-doped tetragonal zirconia (5Ti-
YTZP) at 449°C is shown in Fig. 6. As can be seen,
three well-developed semicircles can be distinguished
which are related to the bulk, grain boundary, and
electrode relaxation phenomena at high, intermediate,
and low frequencies, respectively [31]. From the inter-
section of the first semicircle at the higher frequency
with the real axis the bulk resistance can be obtained. In
the same way the sum of bulk and grain boundary
resistances was calculated from the second one. From
the intersection of the third one, the sum of bulk, grain
boundary and electrode resistances can be estimated.
The specific total conductivity (o) can be easily calcu-
lated taking into account the platinum electrode area
(A) on either side of the sample, and the length (L)
between the two platinum electrodes. For example, the
bulk conductivity (o},) was calculated using the follow-
ing known equation [32]:

Ro™ 5 ,i9ec
L
5Ti-YTZP
3+
2|
6 z
i o 10*"Hz
10Hz
| 105Hz, | $200Hz | | |
0 1 2 3 1A 5 6
Rp Rb+ Rgb Ro'

Fig. 6. Complex impedance plots for 5STi-YTZP at 449°C in air.
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1 L
Ry A4
where R, is the intersection of the first semicircle as
indicated in Fig. 6. A quite similar a.c. impedance spec-
trum was obtained for the 10Ti-YTZP sample. It must
be mentioned that poorly developed grain boundary
semicircles were obtained with increasing temperature in
both titania-doped YTZP samples, and it becomes dif-
ficult to analyze the impedance data in terms of bulk
and grain boundary contributions. However, in order to
know what is the predominant conduction mechanism,
an attempt to calculate the bulk and grain boundary
conductivities at that temperature range in which the
two first semicircles were quite well developed, was
made. With these conductivity data and assuming that
the electrical conductivity o follows an Arrenius equa-
tion of the type:

o = 0, exp(—E,/RT) (3)

2

b

where T'is the absolute temperature, o, is a constant, E,, is
the activation energy for the motion of charges, and R is
the gas constant, the temperature dependence of the bulk,
grain boundary, and total conductivities for 5Ti-YTZP,
10Ti-YTZP, and undoped Y-TZP samples was studied. In
Table 2 the activation energy values for the three samples
in the temperature range 300—700°C are shown.

From the Arrhenius plot a general trend to decrease
the electrical conductivity with increasing titania con-
tent as shown in Fig. 7, can be observed, and from
Table 2 the similar activation energy value for the bulk
and the total conductivity processes allows one to
assume that a bulk oxygen ion transport seems to be
predominant in the samples studied.

4. Discussion

From the XRD results, and SEM observations (see
Figs. 1 and 2) it can be stated that the solubility limit for
titania in tetragonal zirconia (3 mol% Y,03) up to
1450°C is close to ~12 mol%. Compositions containing
higher titania content showed the incipient presence of a
second phase, the zirconium titanate (ZT), and for
higher yttria content appeared the zirconia phase with
cubic structure in agreement with that established for
the ZrO,—Y,0; binary system [33,34]. Above 1450°C,
the amount of zirconium titanate strongly increased.

Table 2

Activation energy values (eV) of the conductivity

Sample Op Ogb oy
YTZP 0.86 1.01 0.90
5Ti-YTZP 0.97 1.17 1.04
10Ti-YTZP 1.02 1.16 1.04

It was also noticed that the tetragonality, c/a, of the
zirconia solid solutions increases with increasing content
of the TiO, dopant [21], and this became constant for a
TiO, content near to 14 mol% confirming the above
statement for the solubility limit of TiO, in tetragonal
zirconia, Y-TZP, 3 mol% Y,Os, in close agreement with
the results of Lin et al. [18]. This solid solution with a
tetragonality of about 1.024, much higher than that of
the binary tetragonal zirconia—yttria solid solution [34],
1.016, is also stable at room temperature. Albeit the
stability of the tetragonal zirconia solid solution needs
the creation of oxygen vacancies, and the addition of
Ti*" implies a dilution effect with a slight decreasing of
the oxygen vacancy concentration, then the enhanced
stability of the ternary tetragonal zirconia solid solu-
tions can be explained by two coadjutant effects: (i) the
presence of a relatively high concentration of oxygen
vacancies introduced by Y3* dopant and (ii) albeit the
Ti dopant could decrease the stability of the Y-stabi-
lized tetragonal zirconia by diluting the effect of the
oxygen vacancies introduced by Y3* but the measured
Ti—O distances (1.88 A), being shorter than the Zr—Oy
distances (2.101&), leads to an accentuated bonding ani-
sotropy of the layer-like zirconia structure and, there-
fore, to a higher tetragonality. Besides this the size of
the Ti** cation (RTi** =0.745 A) is much smaller than
Zr*t (RZr** =0.86 A), adopting a five-fold coordina-
tion would favor a packing in the form of a relatively
ordered layer-like structure, thus alleviating the oxygen
overcrowding around Zr cations similarly to that which
occurs in the GeO,-doped tetragonal zirconia [23,35].

Ordering involving the smallest Ti cations was not
demonstrated in the case of the titania-doped YTZP
solid solutions, but a Ti cationic short-range ordering
was detected by TEM in the ZrO,—CeO,-TiO, system

-4.00
-8.00 —
© -12.00
j Y-T7P
£1 mol % TiO,
+35 mol %
+10 mol ¢
-16.00 — +15 mol %
+20 mol ¢
-20.00 I T 1 1 1
1.00 1.20 1.40 1.60 1.80 2.00

1000/T (K"

Fig. 7. Temperature dependence of the total conductivity in (TiO;),—
(3Y-TZP), _, tetragonal zirconia solid solutions.
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for a stable composition having a tetragonality as high
as 1.032 [36]. The measured Ti-Ti distances (2.81 A)
shorter than 3.62 A for Zr—Zr ones, allows us to assume
a certain Ti cationic ordering sufficient to reduce the
strain energy of the tetragonal lattice leading to a higher
stability of the titania-doped tetragonal zirconia solid
solutions.

Fourier transforms (FTs) of the Ti EXAFS for tetra-
gonal 5Ti-YTZP and 10Ti-YTZP, as pseudo-radial dis-
tribution functions of the absorber atom, can be used to
compare structures surrounding the Ti cation (see
Fig. 4). From those results, combined with those
obtained from the XANES spectra (see Fig. 5), it can be
stated a non-random substitutional model when dissol-
ving TiO, into yttria-doped tetragonal zirconia. The
ternary Ti-YTZP solid solution becomes more distorted
with increasing TiO, content. Such an increasing dis-
tortion indicates a change in the coordination number
of the Ti cations with the subsequent loss of cen-
trosymmetry in the crystal lattice of the tetragonal zirco-
nia. Such a statement is supported by the increase of the
intensity of the pre-edge peak and the decrease in energy
of the post-edge peak with increasing TiO, content, as
shown in the XANES spectra (Fig. 5).

From the EXAFS spectra analysis for the 5Ti-YTZP
sample it can be noticed the Ti—O distance is 1.73 A,
which is comparable to that corresponding to Ti**
cations tetrahedrally coordinated as in the case of the
compounds Ba,TiOy4 (1.74 A) and Ti(OAm), (1.81 A),
but the total coordination number for the 5Ti-YTZP
sample was near to 6. This result leads one to assume
that, similarly to that occurring in TiO,—SiO, glasses
[29], when the TiO, concentration was low the Ti*"
prefers the octahedral coordination in the glass net-
work, and for higher concentration the Ti** adopts the
five-fold coordination. A similar phenomenon seems to
be present in the Ti-YTZP solid solutions with increas-
ing TiO» content. Such a coordination change leads one
to assume a strong distortion of the tetragonal zirconia
lattice, albeit the measured Debye—Waller factors (see
Table 1) being positive, are relatively small to support a
very severe tetragonal zirconia lattice distortion. There-
fore with the present EXAFS and XANES data it can be
said that the Ti** cations in the Ti-YTZP solid solutions
are displaced from the center of the coordination poly-
hedron adopting a non-octahedral coordination, pre-
sumably five-fold coordinated in a square-pyramidal
arrangement. In our opinion, an exhaustive study of
these Ti-YTZP ternary solid solutions which includes
the EXAFS spectra at the Zr-K and Y-K edges would
contribute to a better knowledge of the crystal chem-
istry of Ti** in these zirconia solid solutions. Such work
1S now in progress.

Finally, the shorter Ti—O distances favoring a move-
ment to an off-center position, and the Ti—Ti measured
distances lead one to assume a strong interaction

between the Ti cations with a certain tendency to the
formation of clusters. Such a clustering phenomenon
can provoke a different oxygen ion bonding in the tet-
ragonal zirconia lattice and, of course, a different bond
strength of the oxygen vacancies associated with both
Zr or Ti cations with different coordination numbers.

The electrical behavior of TiO,-doped zirconia solid
solutions has been widely studied mainly in the cubic
structure. However, there is no coincidence in the results
of different authors, thus while for Liou and Worrel [7]
the electrical conductivity in air of TiO,-doped cubic
zirconia increases with increasing TiO, content, for
Naito and Arashi [8] the results are contrary. From the
complex impedance electrical measurements both sup-
ported their conclusions on the basis of an enhancement
of the grain boundary conductivity by the presence of
small amounts of impurities segregated at the grain
boundary [7], or the conductivity decrease was due to a
blocking effect of the Ti** ions located at the grain
boundaries on the oxygen ion transport [8]. The first
idea was also supported by Matsui [37]. None of these
studies explained the true role of the crystal chemistry of
the Ti ions in the TiO,—cubic zirconia solid solutions.
Recently Traqueia et al. [9], making use of Raman
spectroscopy, tried to correlate the electrical con-
ductivity decrease with increasing titania content in
TiO,-doped cubic zirconia with the presence of a tetra-
gonal short-range order in the cubic zirconia matrix.
Such a short-range order decreased the concentration of
the mobile oxygen vacancies and, thus, the electrical
conductivity also was decreased.

The present results on the electrical conductivity in
air of TiO,-doped tetragonal zirconia solid solutions
show the same dependence, i.e. the electrical con-
ductivity in air decreases with increasing titania content.
Such a behavior is explained on the basis of the study of
the Ti ions’ local environment from the EXAFS and
XANES spectra data (see Figs. 4 and 5). From those
results and taking into account the model of Li et al.
[13], it is assumed that Y37 cations substitutes for Zr*™*
in the cation network adopting a YOg structure and,
therefore, Y3* will not be associated with oxygen
vacancies. This being so, this eight-fold dopant coordi-
nation leaves oxygen vacancies next to both Zr and Ti
cations, since the Zr(Ti)-vacancy pairing is energetically
more favorable than Y-vacancy pairing in Y-doped zir-
conia as previously suggested [13]. In that situation,
undersized tetravalent dopants, such as Ti**, which do
not substitute randomly for Zr ions in tetragonal zirco-
nia solid solutions and adopting a five-fold coordination
with a square-based pyramidal arrangement, are thus in
competition with Zr ions for the oxygen vacancies. On
that basis, two kinds of vacancy (V,)—cation associa-
tions have to be formed, one of them being Zr—V -
Zr in which the oxygen vacancy is associated to a
cation octahedrally coordinated, and the other one
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being Ti—V,—Ti with the oxygen vacancy associated to a
cation five-fold coordinated. With such a statement it
must be also assumed two oxygen sublattice with dif-
ferent vacancy diffusion dynamics. Given that the Ti-O
distances are shorter that the Zr-O ones, we state that
the oxygen vacancy diffusion on the octahedrally coor-
dinated sublattice is more rapid than on the square-
based pyramidal five-fold sublattice, and a hindering of
the mobility of the oxygen vacancies is produced, thus,
by the presence of the Ti ions in the TiO,-doped tetra-
gonal zirconia solid solutions. This is supported by the
fact that the activation energy for the conduction process
is higher in TiO,-doped YTZP than in undoped-YTZP
(see Table 2). On the other hand, the shorter Ti—Ti mea-
sured distances will show a certain tendency to the for-
mation of Ti clusters, and thus to an increasing degree of
the oxygen vacancy—titanium cation complex associa-
tions. The different activation energies for the oxygen ion
transport in TiO,-doped YTZP and undoped-YTZP
solid solutions can be a result of both the lower oxygen
vacancy concentrations (the dilution effect of the Ti**
ions), and the different coulombic attractions between
the two tetravalent cations Zr*" and Ti* ", with different
coordination numbers, and an oxygen vacancy.

5. Summary and conclusions

From the XRD lattice parameter measurements on
(TiO,) —~(Y-TZP),_, (x=1-20 mol%) samples sintered
in the temperature range 1300-1450°C, the ZrO,-rich
region of the ZrO,—Y,05-TiO, ternary system has been
established. Titania can completely dissolve in stabilized
tetragonal zirconia (3 mol% Y,O3) up to about 12-14
mol%, forming room temperature stable ternary tetra-
gonal zirconia solid solutions. The lattice parameters a,
and ¢; of these ternary solid solutions decreases and
increases, respectively, with titania content and, in spite
of the strong increasing of the tetragonality c/a,, the
tetragonal structure as single phase was retained for
TiO, concentrations lower than 15 mol%.

The X-ray absorption studies (XANES) lead one to
state that, as the TiO, is dissolved, a certain distortion
of the Ti cation coordination and a loss of cen-
trosymetry in the Ti-YTZP tetragonal zirconia crystal
lattice takes place. In that way, we propose that Ti**
ions do not form a random substitutional solid solution
with Zr** ions. From the EXAFS spectra, the measured
Ti—O distances which are much shorter than the main
Zr-Oj ones, lead one also to assume a stronger Ti—O
bond strength giving rise to an increase in the aniso-
tropy of the tetragonal layer structure and in its tetra-
gonality. On the other hand, the small Ti** ion radius
and the measured Ti—Ti distances allow us to assume a
strong interaction between the Ti ions in the Ti-YTZP
solid solutions leading to the formation of Ti ion clus-

ters. Given that the vacancies introduced by the over-
sized dopant (Y3") are located as nearest neighbors to
Zr** ions, then undersized tetravalent dopant (Ti*™")
competes with Zr*" ions for the oxygen vacancies in
zirconia solid solutions. On that basis, it is believed that
two kinds of oxygen vacancy—cation associations, Zr—
V6—Zr and Ti—V6-Ti, exist in the zirconia lattice.

The incorporation of titania into yttria-stabilized tet-
ragonal zirconia decreases the ionic conductivity of the
formed ternary tetragonal zirconia solid solutions with
increasing titania content. From the EXAFS results, it
is believed that such a conductivity decrease is due to
the existence of the above-mentioned two oxygen
vacancy—cation associations in the zirconia lattice, V6—
Ti five-fold coordinated and V6—Zr octahedrally coor-
dinated with different vacancy diffusion dynamics Vo6—
Zr>V6-Ti, resulting in a decreasing in the global con-
centration of moving oxygen vacancies and, thus, in a
decreasing of the ionic conductivity. Besides this, the
tendency of the small Ti** cations to form clusters will
give rise to the formation of more complex —Ti—V6-Ti—
Vo6— associations which also will hinder the mobility of
the oxygen vacancies during the conduction process.
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