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A bstruct 

Solid solutions and composites based on YSZ 
(yttria-stabilized zirconia) with titania additions up 
to 20 mol’% were prepared by solid state reaction, 
Structural characterization included XRD and 
Raman spectroscopy. Electroded samples were also 
studied by impedance spectroscopy in air between 
573 and I273 K. The ionic conductivity of these 
solid solutions decreases with increasing titania con- 
tent. A sharp drop in conductivity is observed for 
specimens with compositions near to the usually 
assumed solubility limit of titania in the fluorite 
phase (about 10 mo&). This decrease is of almost 
one order of magnitude with respect to undoped or 
lightly doped samples. A smaller composition depen- 
dence is observed for higher titania additions 
(lo-20 mol% TiO,). Raman results show that 
tetragonal short range order is found in the cubic 

fluoritic phase well below the IO mol% TiO, addi- 
tion. This short range order is explained by the abil- 
ity of Ti to achieve a sixfold oxygen coordination. 
As a consequence, a decrease in the concentration 
of mobile oxygen vacancies is expected, which is 
the reason for the electrical conductivity decrease. 
0 1997 Elsevier Science Limited. 

1 Introduction 

When zirconia is stabilized in the cubic structure 
by the addition of a lower valence cation, oxygen 
vacancies are also introduced in the anion sublat- 
tice to compensate for the charge of the dopant 
cation. Yttrium oxide is one of the best known 
dopants for zirconia and yttria-stabilized zirconia 
(YSZ) is presently the state-of-the-art electrolyte 
for high-temperature applications of oxygen ion 
conductors (e.g. oxygen sensors or fuel cells). The 

*To whom correspondence should be addressed. 

role of aliovalent dopant cations on the transport 
properties of zirconia-based solid solutions has 
been studied in detail for many years. It is usually 
accepted that these dopants interact with oxygen 
vacancies causing the formation of defect associ- 
ates of dopant cations and oxygen vacancies. This 
type of approach can explain changes in activa- 
tion energy of ionic conductivity with tempera- 
ture, and with the charge and size of the dopant 
cation. Minimum defect association energies are 
found when the dopant cation has an ionic radius 
similar to that of the host cation.le2 Recent 
structural studies have shown that, depending on 
the size and valence of the dopant cation, oxygen 
vacancies might be preferentially located near the 
dopant or the host cation.3-s 

The role of tetravalent dopants on the ionic 
conductivity of cubic zirconia-based solid solu- 
tions has received less attention until recently. 
ZrO,-CeO?-Y,O, was one of the first systems 
studied in detail.“’ The experimental observation 
is that for small additions of ceria (10 mol%), a 
slight decrease in ionic conductivity is observed. 
For almost complete substitution of ceria for 
zirconia, the ionic conductivity increases and 
approaches the ionic conductivity of CeO,-Y,O, 
solid solutions. More recently, titania-doped YSZ 
has been given much attention because of poten- 
tial applications of mixed conduction under reduc- 
ing conditions. 9-20 The effect of titania additions 
to YSZ was found more pronounced than for 
identical ceria additions, resulting in a decrease in 
ionic conductivity in air of about one order of 
magnitude, for dopant levels approaching the usu- 
ally assumed solubility limit in the cubic structure 
(about 10 mol% titania). 

The most obvious differences between ceria and 
titania as dopants are the radius of the dopant 
cation and the structure of the corresponding 
oxides. Thus, the present work aims at a better 
understanding of the role of titania on the ionic 
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transport properties of zirconia-based solid solu- ence of this second (tetragonal) phase has been 
tions, focusing on structural aspects. For this type already suggested in recent studies on similar 
of approach, XRD and Raman spectroscopy will compositions.‘5,20 However, up to 5 mol% titania 
be employed in order to evaluate the relative additions only the cubic phase could be identified 
potential of both techniques in the identifi- by XRD (Fig. 1, lines (a)-(c)). Microstructural 
cation of structural changes which might explain observations also suggest a single-phase material 
observed differences in electrical performance. (Fig. 2(a)). 

2 Experimental Procedure 

Sintered discs of mixtures of titania and YSZ 
(8 mol% Y,03, from Tosoh Co.) were prepared by 
high-temperature firing (1773 K, 4 h), after ball 
milling and pressing of powder mixtures. The tita- 
nia dopant levels (x) used in this work were 1, 2, 
3.5, 5, 10 and 20 mol%. The notation xTiYSZ will 
be used to describe these materials, where 
x corresponds to the titania content in the powder 
mixtures (xTiYSZ = (100 - x) mol% YSZ + x 
mol% Ti02). SEM and EDS analysis were used to 
study the microstructure and composition of these 
materials. Samples were polished and thermally 
etched before microstructural observation. 

For high dopant levels (> 10 mol% Ti02) SEM 
observations indicate that a third phase is clearly 
present (zirconium titanate). This is also sup- 
ported by the monotonous decrease in the lattice 
parameter of the fluorite phase with increasing 
dopant content, up to about 10 mol% TiO,. 
Above this value the lattice parameter becomes 
almost composition-independent. For the 1OTiYSZ 
composition, traces of an apparently new phase 
could be noticed in samples fired at 1873 K, con- 
sisting of quite small grains located at grain 
boundaries of large grains. However, no positive 
identification of this phase has been performed.” 
In the present case, for samples fired at 1773 K, the 
grain boundaries were apparently clean (Fig. 2 (b)), 
identical to those already observed for firing tem- 
peratures of 1573 K.19 

XRD and Raman spectroscopy were used for 
structural characterization. Raman spectra were 
obtained with a Dilor XY multichannel spectro- 
meter. A resolution of 3 cm-’ was chosen. The 
excitation line 514.53 nm (green) of an Ar-ion 
laser was used. Experiments were carried out in 
a backscattering geometry in micro Raman. A 
50X objective was used with a spot diameter 
of 1.13 pm. All experiments were carried out with 
a laser power of 50 mW, the power finally reach- 
ing the sample being 6 mW. Spectra were taken 
between room temperature and 873 K. 

Lastly, for the 20TiYSZ samples, the formation 
of the titanate phase (usually identified as ZrTiO,) 
is clear either by XRD (Fig. 1, line (e)) or SEM 
(Fig. 2 (c)). The exact composition of this titanate 
is still controversial. Apparently, the presence of 
Y203 has a stabilizing effect on ZrTiO, at low 
temperature, while in the absence of Y203, the 
stable phase becomes ZrTi206.22 However, EDS 
analysis performed in this work on several grains 
of this zirconium titanate phase indicated a Zr/Ti 
atomic ratio of about 2 in all cases. 

Porous platinum electrodes were deposited on 
specimens for impedance measurements in air, 
performed with a HP 4284-A Precision LCR 
Meter (20 Hz-l MHz), in the temperature range 
573-1273 K. 

3 Experimental Results 

3.1 Structure and microstructure 

3.1.1 XRD and SEA4 
Based on XRD and SEM observations, prelimi- 
nary work on this system identified the solubility 
limit of titania in the fluorite phase in the order of 
10-15 mol%, obviously depending on the exact 
ZrN proportions in YSZ.9,“,‘4,21 In this work, for 
1OTiYSZ the diffractogram already shows some 
small peaks indicating the formation of a tetrag- 
onal phase, besides the fluorite phase. The pres- 
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Fig. 1. XRD patterns of (a) ITiYSZ, (b) 3,5TiYSZ, (c) 
STiYSZ, (d) IOTiYSZ and (e) 2OTiYSZ. In (a)-(c) only the 
fluorite phase is found. The presence of a tetragonal phase 
can be noticed in (d), while the formation of a zirconium 

titanate is observed in (e). 
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(b) 

Fig. 2. SEM microstructures of (a) 3,5TiYSZ, (b) 1OTiYSZ 
and (c) 2OTiYSZ, after polishing and thermal etching. The 
small white grains in (c) correspond to the zirconium titanate 

phase. 

3.1.2 Raman spectroscopy 
Figure 3 shows the room-temperature spectra of 
all the samples. The YSZ spectrum corresponds to 
the well-known spectrum of cubic zirconia.23-27 In 
the fluoritic structure, a single vibration of sym- 
metry FZg is Raman active. However, the lack of 
long range order in the anion sublattice breaks the 
selection rules and the features observed between 
0 and 800 cm-’ are assumed to be an image of 
the density of states. The broad peak appearing at 
623 cm-’ is sometimes attributed to a F,, vibra- 
tion.23 However, the zone centre F, mode is 
expected at about 450 cm-’ and this point merits a 
further analysis. 

Titania additions below the usually assumed 
solid solution limit (i.e. for all samples except 
20TiYSZ) give rise to new broad peaks located at 
149, 261 (strong), 322, 462, 630 and 720 cm-‘. 
These new features cannot be attributed to either 
the rutile (bands at 447 and 612 cm-‘) or the 
anatase (very intense band at 144 cm-‘) structures 
of TiO,. This result is consistent with the XRD 
results showing that Ti ions are in substitution for 
Zr ions, and therefore are coordinated to eight 
oxygens instead of six for TiO,. On the contrary, 
the new bands fit well with the spectrum of tetrag- 
onal zirconia, except for the peak at 720 cm-’ 
which is not present in the Raman spectrum of 
tetragonal zirconia. 

The Raman spectrum of xTiYSZ (x 5 10) can 
be taken as the sum of a spectrum of cubic zirco- 
nia and that of tetragonal zirconia. This is more 
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Raman spectra of xTiYSZ samples at room temperature. 
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clearly shown in Fig. 4, where the spectrum of 
cubic zirconia has been subtracted from the exper- 
imental spectra of xTiYSZ. The amount of cubic 
zirconia spectrum to subtract has been manually 
adjusted so that the resulting spectrum does not 
present negative values and the results are only 
semi-quantitative. Nevertheless, the major peaks 
of tetragonal zirconia appear in the subtracted 
spectra. The band at 720 cm-’ also appears very 
nicely, even for low titania content, on the sub- 
tracted spectra. Its intensity is strongly correlated 
to the amount of titania dissolved into YSZ. The 
fraction of cubic zirconia spectrum which was 
subtracted from the spectra is shown as a function 
of the amount of titania in Fig. 5. This subtraction 
method seems to us better than that consisting in 
measuring peak ratios as proposed in Ref. 28. 

The Raman spectra were also collected at differ- 
ent temperatures between room temperature and 
873 K. A typical example is given in Fig. 6 (X = 5). 
The spectral changes are small. A broadening of 
the bands and a small decrease of their amplitudes 
are observed. This is a common phenomenon in 
Raman spectroscopy. 

For the highest titania content (20TiYSZ), new 
bands appear. Subtraction of the 1OTiYSZ spec- 
trum from the 20TiYSZ one gives the spectrum 
shown in Fig. 7, which is comparable to the one 
published for ZrTiO,. 29 A careful examination of 
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Fig. 4. Difference spectra obtained by subtracting YSZ 
Raman spectrum from the experimental Raman spectra of 
xTiYSZ (1 I x 5 10). The Raman spectrum of a tetragonal 
polycrystalline zirconia (ZrOz-3 mol% Y,O, from Tosoh) is 

also shown for comparison and labelled TZP. 

the 1OTiYSZ spectrum, especially in Fig. 4, shows 
that ZrTiO, is already present in this sample, as 
has been observed in SEM experiments. This 
could explain the apparent shift towards higher 
wavenumbers of the peaks located at 261,640 and 
720 cm-’ in the 5TiYSZ spectrum and at 280, 651 
and 730 cm-’ in the 1OTiYSZ spectrum and to the 
loss of details in the 250400 cm-’ region of the 
1 OTiY SZ spectrum. 

3.2 Electrical behavior 
Typical impedance plots obtained in air for differ- 
ent titania-doped YSZ compositions (1, 3.5, and 
20 mol% TiO,), in the range 573-673 K, are 
shown in Fig. 8. The direct plot of the imaginary 
part of the complex impedance (Z”) versus the real 
part (Z’) has been changed to be able to show 
data obtained at three different temperatures 
within the same scale. The Z” and Z’ values were 
divided by the maximum value of Z” at each tem- 
perature (Z” at the relaxation frequency for bulk 
grain behavior) yielding a non-dimensional and 
normalized impedance (Zno_,). In this manner, 
for a perfect RC behavior, the bulk arc (high 
frequency) should cross the real axis at the value 2. 
Values larger than 2 correspond to depressed arcs. 
This type of presentation also allows for a simple 
identification of the role of temperature on the rel- 
ative magnitude of bulk and grain boundary arcs. 
The trend now observed corresponds to the classi- 
cal one: because of a higher activation energy for 
ionic conduction at the grain boundaries than in 
the bulk, grain boundary arcs become less relevant 
with increasing temperature. 

Data shown in Fig. 8 indicate that on increasing 
titania content, within the assumed solubility limit 
in the fluorite phase, a clear definition of the grain 
boundary arc is obtained. For titania contents 
exceeding 10 mol%, only one arc can be noticed, 
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Fig. 5. Amount of cubic zirconia spectrum to subtract from 
experimental spectra to obtain the difference spectra of Fig. 4. 
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Fig. 6. Raman spectra of STiYSZ and YSZ at various temperatures. Labels indicate the temperature in K. 

also slightly depressed. Because of the composite 
nature of 20TiYSZ, and obvious difficulty in ana- 
lyzing impedance data in terms of grain and grain 
boundary contributions, preferential attention will 
be given to the total conductivity of the different 
materials. Increasing total resistance of the mate- 
rial for increasing titania contents (20TiYSZ ver- 
sus 1TiYSZ) can be concluded from the Arrhenius 
plot shown in Fig. 9. In fact, a conductivity drop 
of over one order of magnitude is observed 
between composition extremes. 

Previously reported data for the bulk conduc- 
tivity of 1OTiYSZ [18] are quite near to those of 
20TiYSZ, and well below those of the remaining 
compositions. Overall differences between 1OTiYSZ 
and 20TiYSZ are not more significant than those 

800 600 400 200 0 

Wavenumber (cm-‘) 

Fig. 7. Difference spectrum obtained by subtracting the 
1OTiYSZ Raman spectrum from the 20TiYSZ spectrum. 

observed between 1TiYSZ and 3.5TiYSZ. This 
trend is already familiar from the literature, where 
a sharp decrease in conductivity is usually 
observed between STiYSZ and 10TiYSZ.‘4.‘8 Fur- 
ther analysis of data obtained with these materials 
indicates that the activation energies for ionic 
migration are similar, and the effect of dopant 
level is negligible (activation energies below 1073 K: 
99.3 kJ mall’ for ITiYSZ, 98.3 kJ mall’ for 
3.5TiYSZ, and 102 kJ mall’ for 20TiYSZ). 

4 Discussion 

4.1 Structural effect of titania additions 
Present XRD results indicate that a solid solution 
between titania and cubic YSZ exists up to 
slightly less than 10 mol% TiOz. Evidence for the 
formation of a tetragonal phase is only obtained 
with the IOTiYSZ sample. For higher titania 
contents, a zirconium titanate precipitates. X-ray 
diffraction spectra, which are almost purely 
dependent on the location of the cations, show a 
pure cubic structure for low-titania-content mate- 
rials. However, Raman spectroscopy, which is 
most sensitive to local order of cation-anion pairs, 
shows that two local structures are present: cubic 
and tetragonal. This does not mean that the mate- 
rial is necessarily biphasic, but that there are small 
domains in which the anion sublattice is fully dis- 
ordered, as in cubic zirconia, and others in which 
ordering has occurred. The fact that the difference 
spectra of Fig. 4 show bands much broader than 
in the case of tetragonal polycrystalline zirconia 
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suggests that these ordered domains extend to a 
small number of nearest neighbours. 

An unambiguous explanation on the role of 
titania in such anion ordering cannot be derived 
from our experiments. However, as titanium 
prefers a coordination of 6, we may assume that it 
traps some oxygen vacancies to move away from 
the 8 coordination of the Zr site. Li and Chen3 
have proposed a similar explanation for the ability 
of trivalent cations to stabilize the cubic zirconia 
structure. From EXAFS and XANES studies, 
they have shown that trivalent cations smaller 
than Zr4+ trap the oxygen vacancies in order to 
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Fig. 8. Impedance spectra of (a) ITiYSZ, (b) 3,STiYSZ and 
(c) 20TiYSZ in air at three different temperatures. The real 
and imaginary parts of impedance were normalized as 

described in the text. 

become sixfold coordinated. As the zirconia stabi- 
lization in the cubic structure needs a ratio of 
sevenfold coordinated to eightfold coordinated 
zirconium close to one, these small cations stabi- 
lize the tetragonal structure of zirconia. We there- 
fore propose that Ti cations trap some oxygen 
vacancies. For electroneutrality reasons, the num- 
ber of oxygen vacancies in the vicinity of Zr 
cations close to a titanium ion will decrease and 
eightfold coordinated Zr will appear in excess, 
therefore promoting a tetragonal structure. In this 
case, the peak at 720 cm-’ observed in the Raman 
spectra could be due to a vibration involving a Ti 
atom and an oxygen vacancy. As the Raman spec- 
tra show that this situation is not changed upon 
heating, at least up to the highest investigated 
temperature (873 K), we can assume that the 
Ti-oxygen vacancy interaction is quite strong. In 
the other case, a change towards the cubic zirco- 
nia spectrum would have been expected. 

4.2 Electrical conductivity 
As titanium is a tetravalent dopant, the concentra- 
tion of oxygen vacancies is still determined by the 
concentration of yttrium, which means that only a 
slight overall decrease in concentration of ionic 
defects should be noticed between undoped and 
titania-doped YSZ, as a consequence of a simple 
dilution effect. In fact, the dependence of oxygen 
vacancy concentration ([Vo..]rIYSz) on titania con- 
tent can be expressed as a function of titania mole 
fraction (x / 100) in the doped material: 

Po’ ‘ITiYSZ = (100 - x) [YzJysz / 200 (1) 

k%SZ being the concentration of yttrium in 
zirconium positions in the starting YSZ powder. 
In this equation the usual Kroger-Vink notation 
has been used except for an additional subscript 
indicating the type of material considered (YSZ or 
titania-doped YSZ). All these aspects suggest that 
oxygen vacancies are always the dominant mobile 
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Fig. 9. Arrhenius plot of total conductivity of ITiYSZ, 
3,5TiYSZ, 1OTiYSZ and 2OTiYSZ. Data for IOTiYSZ from 

Ref. 18. 
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defects and that the mechanism for ionic motion 
is not changed, irrespective of the composition. 

The role of dopants in the ionic conductivity 
usually takes into consideration the effective path- 
way for oxygen ions moving between consecutive 
positions. For example, the decrease in ionic con- 
ductivity with increasing ceria dopant level is 
coherent with the estimated decrease in the free 
radius between the cations through which one 
oxygen ion must move.8 Based on the ionic radius 
of Zr4+ and Ce4’ , it can be concluded that the sub- 
stitution of Ce for Zr causes a decrease in this 
free radius. In fact, the increase in lattice parame- 
ter is smaller than the increase in average cation 
radius. This is expected to cause a decrease in 
ionic conductivity and increase in activation 
energy for ionic mobility.8 This model can explain 
quite reasonably the effect of some dopants with 
fluorite or derived structures (ex: C-type cubic). 
However, when considering the dependence of the 
free radius for ionic motion on titania content, the 
result is contradictory to experimental evidence. 
A significant decrease in ionic conductivity is 
observed with increasing titania content, but an 
almost constant activation energy is observed. In 
this case, the simple effect of the dopant cation 
radius is not believed to be the dominant parameter. 

The central issue is that the dopant induces a 
different structure. Also for this reason, the solu- 
bility limit of titania in YSZ is quite small as com- 
pared to other dopants with similar structures 
(HfO*, CeO,, or even Y20, and rare earth oxides 
with the C-type cubic structure). We have shown 
in the previous section that the oxygen sublattice 
is composed of ordered and disordered regions. A 
simple explanation would be that oxygen migra- 
tion occurs mostly in the disordered regions. As 
the titania content increases, these regions disap- 
pear and the electrical conductivity decreases. It is 
also possible that a percolation phenomenon exag- 
gerates this volume effect. The 1OTiYSZ sample 
could be seen as islands of conductive domains 
(in which the oxygen sublattice is disordered) in a 
more insulating matrix (in which the oxygen sub- 
lattice is more ordered). Its electrical conductivity 
would in this case reflect mainly the conductivity 
of the ordered domains. 

As the activation energy for electrical conduc- 
tion is almost independent of the titania content, 
one expects that the microscopic process of oxy- 
gen migration is unaltered. This is also consistent 
with the proposed structural model. In yttria- 
doped zirconia, the anionic disorder is mostly due 
to the large number of oxygen vacancies. We may 
think that ordering occurs because oxygen vacancy 
concentration decreases. Keeping constant the 
crystalline structure of the material, this would 
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decrease the pre-exponential factor of the electri- 
cal conductivity, linked to the number of free 
charge carriers, and keep constant the activation 
energy. Raman spectra indicate that increasing 
the temperature does not change the amount of 
ordered domains. A constant activation energy is 
therefore expected. 

5 Conclusion 

The role of titanium in the electrical behavior of 
YSZ is believed to be determined mostly by local 
lattice distortion in the neighborhood of titanium 
ions, yielding non-equivalent anion sublattice 
positions. Although XRD macrostructural charac- 
terization suggests that most of the compositions 
are cubic (below 10 mol% TiOz), Raman spec- 
troscopy has shown that the anion sublattice 
is composed of tetragonal-like and cubic-like 
domains having different conductivities mainly 
because of the lower oxygen vacancy content in 
the tetragonal-like domains. It is proposed that 
this decrease in the vacancy concentration is due 
to the Ti ions, which trap oxygen vacancies to 
shift from the eightfold coordinated Zr site 
towards their preferred sixfold coordination. The 
combination of Raman spectroscopy and impe- 
dance spectroscopy has proven to be a useful tool 
when very local structural changes are involved. 
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