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Oxygen ion conductors with most symmetrical structures such as fluorite- and perovskite-related phases, rely on the mobility 
of oxygen vacancies. High-performance electrolytes, namely with the apatite type structure, recently developed, show 
dominant interstitial transport. In order to assess basic composition-conductivity relationships in a fluorite-derived C-type 
cubic structure with high tolerance to different types of oxygen defects, a series of Y2O3-based materials were studied by 
impedance spectroscopy in air in the range 700-1000oC.  Yttria doped with CaO exhibits reasonably high ionic conduction via 
the vacancy mechanism.  Samples doped with ZrO2 and HfO2 possess oxygen interstitials as dominant defects, but show poor 
ionic conductivity when compared to Ca-doped materials. These tendencies, known for other fluorite-related phases such as 
pyrochlores, are opposite to those observed for apatite- and K2NiF4-type structures. Comparison of ionic conductivity levels 
in various oxide materials suggests that fast interstitial migration may be expected for complex multicomponent materials 
where the ion transport occurs in lattice fragments with high bond ionicity. Furthermore, conduction-affecting stereological 
parameters, to a great extent, depend on the relaxation of covalent fragments. 
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Conducción iónica del oxígeno en óxidos: mecanismos básicos y algunos ejemplos.

Los conductores iónicos de oxígeno con estructuras más simétricas como fluorita y perovsquita dependen de la movilidad de 
las vacantes de oxígeno. Se han desarrollado recientemente electrolitos con elevadas prestaciones, los llamados de estructura 
tipo apatito, que muestran transporte intersticial dominante. Con el objeto de establecer las relaciones básicas entre 
composición y conductividad en una estructura cúbica tipo-C derivada de la fluorita con alta tolerancia a diferentes defectos 
de oxígeno, se  han estudiado materiales basados en Y2O3 por espectroscopía de impedancia en el rango de temperaturas entre 
700 y 1000ºC. La ytria dopada con CaO exhibe una conductividad iónica razonablemente alta vía mecanismo de vacantes.
Las muestras dopadas con ZrO2 y HfO2 poseen oxígenos intersticiales como defectos dominantes pero presentan una 
conductividad iónica poble comparada con los materiales dopados con CaO. Estas tendencias, conocidas para otras fases 
relacionadas con la estructura fluorita como los pirocloros, son opuestas a las que se observan en estructura de tipo apatito 
y K2NiF4.
La comparación de los niveles de conduccion iónica entre varios materiales oxídicos apunta a la existencia de un mecanismo 
rápido de migración intersticial. Este mecanismo cabría expresarse en materiales multicomponente complejos en los que el 
transporte iónico tiene lugar en partes de la red con elevada ionicidad del enlace. Más aún, los parámetros estereológicos que 
afectan a la conducción, en gran medida dependen de la relajación de las partes covalentes.

Palabras clave: conductores iónicos de oxígeno, movilidad de defectos, estructura cúbica tipo-C, ytria, apatito.

1. INTRODUCTION

Solid solutions, namely based on ZrO2, ThO2, HfO2, CeO2, 
were extensively studied as oxygen-ion and mixed conducting 
materials, due to their potential application in several devices 
like solid oxide fuel cells, oxygen permeating membranes and 
potentiometric sensors (1-3). Besides their early discovery one 
century ago, in the late 50’s and 60’s a significant enthusiasm 
on this subject brought to the first line of attention materials 
mostly based on the fluorite and derived structures. One 
special example of derived structures includes sesquioxides 
like Y2O3, with the C-type cubic structure. Pyrochlores are 
another example of this kind. In general, to enhance the ionic 
conductivity of the base material, lower valence metal dopants 
were introduced. Oxygen vacancies formed to compensate for 
the dopant lower charge were found as the dominant mobile 
defects in most of these systems. 

The relevance of all these materials justified one early 

review with almost 700 references, by Etsell and Flengas, 
in 1970 (1). Recently, Skinner and Kilner published one 
comprehensive overview of the progress in this field (4), 
and significant differences can be noticed on the families 
of materials now mentioned. Besides the fluorite-related 
classical systems, we find now perovskites and perovskite-
related structures (K2NiF4), but also the so-called BIMEVOX 
and LAMOX families of materials, ending with the apatites 
derived from La10 (SiO4)6O3 and Ge-based analogues.

A comparison of all these materials can be found in several 
review papers (4,5). For former materials, the oxygen ion 
conduction mechanism was usually based on vacancies. In the 
case of apatites, the present understanding points towards an 
interstitial based mechanism (6-12). 

To emphasize the novelty of recently developed ionic 
conductors with the apatite structure, this paper will start 
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with the presentation of recent results on the electrical 
properties of yttria-based solid solutions, with the C-type 
cubic structure. The sesquioxides with the C-type cubic 
structure, namely Y2O3 or Sc2O3, show an unusual capability 
to form solid solutions with either divalent cations (e.g., 
Ca2+) or tetravalent cations (e.g., Zr4+ or Hf4+), with formation 
of oxygen vacancies or oxygen interstitials, respectively, to 
compensate for the different charge of the dopant cations 
with respect to the host. Previous work on these systems 
was based mostly on dc characterization techniques, (ac) 
constant frequency measurements, and lack of details on 
microstructural characterization. Lastly, previous work was 
also centered on single binary systems (e.g., Y2O3-CaO), 
using specific sets of experimental techniques, hampering 
any reliable comparison between data obtained in different 
labs on different systems. An updated assessment of these 
systems with improved experimental tools seemed fully 
justified. This updated assessment is also expected to favor 
the understanding of the subsequent discussion on opposite 
tendencies observed in several families of materials with 
respect to defect mobility (vacancies versus interstitials). 

The ultimate goal of this paper, however, is to try to use 
a series of own results on the C-type cubic structure and 
additional literature data on other systems and structures, to 
emphasize what we feel as a major development in this field. 
In fact, the discussion on oxygen ion conductors moved from 
reasonably simple models on key parameters with relevance on 
ionic mobility (mostly related to geometrical constraints), to a 
more complex level of treatment of ionic motion mechanisms. 
Furthermore, an almost “common feeling” on the need for 
oxygen vacancies to reach significant ionic conductivities was 
questioned in recent years. 

2. EXPERIMENTAL

Y2O3-based solid solutions, with either CaO, ZrO2 or HfO2 
as dopants (up to 4 mol% cation dopant), were prepared by 
solid state reaction, starting from the corresponding oxides or 
carbonates. Repeated milling and calcination at 1000oC of all 
components was used to favor the completeness of solid state 
reactions, due to the highly refractory characteristics of most 
components. Final sintering temperatures of 1600oC were used 
in the case of undoped and Ca-doped samples, and 1700oC 
in the case of Zr- and Hf-doped samples. Short designations 
will be used throughout this work to identify the nominal 
compositions under consideration. Accordingly, Y holds for 
undoped yttria, while xMY holds for xMOn•(100-x)YO1.5 (e.g., 
2ZrY = 2ZrO2•98YO1.5).

Sintered samples were characterized by XRD, SEM/EDS 
and impedance spectroscopy in air, in the frequency range 
20 Hz to 1 MHz, up to 1000oC. Samples used in electrical 
measurements were previously electroded with porous Pt 
layers.

3. RESULTS

All materials used for electrical measurements were single-
phase with the C-type cubic structure, according to XRD. 
However, in the case of Ca-doped samples, inspection by 
SEM complemented by EDS analysis, showed the presence of 
minor quantities of unreacted CaO grains. Selected examples 

of microstructures of some of the studied compositions, with 
emphasis on the presence of small CaO unreacted grains and 
residual porosity in the case of Ca-doped samples are shown 
in Fig. 1(a - c). Quite homogeneous microstructures of highly 
densified materials were obtained in the case of Zr-doped 
samples (Fig. 1(d) and 1(e)). Also, the average grain size of 
Ca-doped samples exceeds largely the average grain size of 
the Zr- and Hf-doped samples.

Figure 2 shows typical impedance spectra obtained for 
CaO-containing solid solutions. At lower temperatures, the 
high impedance of most samples prevented the identification 
of well defined spectra with high frequency, intermediate 
frequency, and low frequency arcs, as usual for such type of 

Fig. 1- Microstructures of yttria-based samples:  a – 1CaY; b – 3CaY; c 
– detail of 3CaY showing the presence of a small grain of unreacted 
CaO; d – 1ZrY, e – 4ZrY.

a b

c d

e

Fig. 2- Impedance spectra of Ca-doped yttria in air, at 700oC.
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results with data obtained for the remaining samples should 
be avoided without a deeper study on the possible presence 
and role of minor impurities and protons. None of these 
issues was further addressed for being outside the scope of 
this work.

Although data on undoped yttria should be considered 
with great care, the remaining sets of data show highly 
meaningful trends. Ca-doped samples exhibit conductivities 
about two orders of magnitude larger than those observed for 
the Zr- and Hf-doped samples, with similar dopant levels. In 
general, increasing dopant concentration has a positive effect 
on total conductivity. 

A comparison of the present results with previously 
published data suggests, in general, a higher total conductivity 
for equivalent materials now prepared. One likely possibility 
is an improved processing route in the case of the present 
materials, with higher densifications and lower grain boundary 
and porosity related blocking effects. In general, this type of 
improvement should mostly enhance the ionic conductivity, 
as the electronic conductivity is usually less sensitive to 
such microstructural features. In fact, the presence of ion-
blocking grain boundaries usually provides underestimated 
ionic transport numbers (14). 

Previous studies on these systems already showed that 
these materials are mixed conductors in air, in the studied 
range of temperatures, with significant ionic transport 
numbers. Ionic conduction is thus believed to be dominant 
in most cases, considering the improved performance of the 
present materials.

The conductivity of solid solutions with tetravalent dopants 
is thus believed to be due mostly to interstitial oxygen ions 
formed to compensate for the excess charge of the dopant with 
respect to the host cation (e.g., 2[Oi”]=[ZrY

●], using Kroger-
Vink type notation). The ionic conductivity of materials with 
divalent dopants is due to oxygen vacancies, again formed 
to compensate for the different charge of the dopant with 
respect to yttrium ([CaY’]=2[VO

●●]). Both Zr- and Hf-doped 
samples show coherent levels of conductivity, suggesting 
negligible role of dopant size on the ionic transport properties 
of the solid solution. Ca-doped samples exhibit much higher 
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materials. This explains the emphasis on the discussion of 
relatively high temperature transport properties (700-1000oC).

Table 1 shows data obtained for the total conductivity in 
air of selected compositions studied in this work. The same 
results are also shown in Figure 3, as typical Arrhenius-type 
plots of ln σ versus 1/T. The activation energies ranged 
between 137 kJ/mol for the undoped sample to 151 kJ/mol 
for the Ca-doped samples. For the Zr-doped samples the 
activation energy was in the range 162-170 kJ/mol. The 
activation energy of the Hf-doped sample was 170 kJ/mol. 
Some additional comments are needed on the results just 
presented.

Undoped yttria seems to show a reasonably high 
conductivity when compared to Zr- and Hf-doped materials. 
While we believe that the presentation of these results as a 
reference is fully justified, the magnitude of the observed 
conductivity is likely to be governed by the presence of minor 
impurities, or even influenced by the presence of protons. In 
fact, undoped yttria is highly sensitive to moisture, showing 
significant protonic conduction (13). From these comments we 
should conclude that the results just presented for undoped 
yttria are unlikely to correspond to the intrinsic behavior 
of this material. This means that direct comparison of these 

Fig. 3-Arrhenius-type plot of total conductivity versus the reciprocal of 
the absolute temperature, in air: a – undoped and Ca-doped samples; 
b – undoped, and Zr- and Hf-doped samples.

Fig. 4- Schematic view of the vacancy motion mechanism in the fluo-
rite-type structure. Ionic positions are shown as filled circles, while the 
oxygen vacancy is shown as an empty circle within a dashed line. The 
metal cation is located below the plane containing the anions, in the 
center of a cube formed by eight oxygen ions/vacancies.
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levels of conductivity, coherent with a much higher mobility 
for oxygen vacancies with respect to interstitials. This also 
points to slightly higher activation energy for ionic conduction 
when the mechanism for ionic motion is based on oxygen 
interstitials, again coherent with a larger jump distance, as 
explained in the following section, where the present results 
will be further used. 

4. OXygEN-ION CONDUCTION IN SOLID 
ELECTROLyTES: RELEvANT MEChANISMS

Yttria-stabilized zirconia (YSZ) is the best-known solid 
electrolyte with the fluorite structure. The ionic motion 
in fluorite based systems is the well established vacancy 
based mechanism, where one vacancy shifts position with 
a neighboring oxygen ion in a normal lattice position (Fig. 
4). The easiest jump is along the edge of the cube formed 
by eight oxygen ions/vacancies. Optimization of oxygen 
transport in fluorite related systems can be based on simple 
considerations on dopant ionic size and charge, in combination 
with experimental data on phase relationships as a function of 
dopant content and temperature. Lattice distortion and strong 
defect association may be partly avoided if host cation and 
dopant have similar sizes and minimum charge difference. 
High concentrations of defects increase defect interaction and 
decrease the ionic conductivity (15,16).Highly-conductive 
perovskites derived from LaGaO3, usually doped with Sr in 
the A-site and Mg in the B-site, contain large concentrations 
of oxygen vacancies, the mobile defect involved in oxygen 
transport (17-24). The close packing of ions in this structure, 
leaves no room for formation of oxygen interstitial defects. 
In the case of perovskites, the most obvious pathway for 
oxygen ion hopping is through a triangle formed by two large 
A-cations and one small B-cation. The circle defined by this 
triangle was identified as the bottleneck for ionic transport 
(Figures 5 and 6). Assuming this pathway, simple relations 
between lattice parameters and cation sizes were derived, 
showing possible solutions to optimize the size of the above 
mentioned bottleneck and ionic conductivity (25). On the 
other hand, examples of deviation to this simple prediction 
are documented in the literature; one typical example is 
given in Table 1 (26). Ions do not behave as immobile hard 
spheres, and ionic polarizability and relaxation from ideal 
positions has also to be taken into consideration. Recent 
modeling on minimum energy pathways for ionic motion in 
this structure showed that oxygen ions indeed deviate from 
the expected ideal position, moving away from the center of 
the bottleneck formed by neighboring ions, due to relaxation 
of A- and B- cations from their ideal positions (Fig. 6). Also, 
due to different ionic polarizabilities, different cations adjust 
differently to this situation (27). In the case of Ag+ ionic motion 
in AgI, besides the polarization of the large I- ions, also the 
hybridization condition of Ag+ changes to adjust the shape of 

Fig. 5- Schematic view of the vacancy motion mechanism in perovskite-
type structures. Ionic positions are shown as filled circles. The oxygen 
vacancy is shown as an empty circle. The triangle formed between two 
A- and one B- site cation is emphasized with a solid line.

A

B

O

Fig. 6- Schematic view of the triangle formed by neighboring A- and 
B-site cations, through which oxygen ions must migrate. The apparent 
bottleneck has a critical radius rc. Due to ionic relaxation from ideal 
positions (also suggested in the figure) and polarizability of the A- and 
B-site cations, the effective bottleneck is larger than simple estimates 
from lattice parameter and ionic radius.

rc

A A

σ (S/m)

T (oC) Y 1CaY 3CaY 1ZrY 2ZrY 4ZrY 1HfY

700 2.0E-5 1.3E-3 1.7E-3 8.6E-6 5.7E-6 1.5E-5 4.4E-6

800 9.3E-5 8.2E-3 1.0E-2 4.9E-5 3.0E-5 9.3E-5 3.1E-5

900 3.8E-4 3.5E-2 4.5E-2 2.7E-4 1.7E-4 5.1E-4 1.6E-4

1000 1.4E-3 1.2E-1 1.4E-1 1.1E-3 7.1E-4 2.1E-3 7.0E-4

TABLE I. TOTAL CONDUCTIVITY IN AIR OF SELECTED MATERIALS WITH THE C-TYPE CUBIC STRUCTURE.

L.S.M. TRAQUEIA, F.M.B. MARQUES, V.V. KHARTON 
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the repulsive core to this critical condition during ion hopping 
(28). All these arguments explain the deviation between 
observed experimental transport parameters and bottleneck 
dimensions, simply derived from lattice parameters and ionic 
radius. While perovskites show specific features with respect 
to the fluorite type structure, due to a more complex ionic 
packing model, the oxygen transport mechanism is still based 
on vacancies, as previously mentioned.

We have just presented a series of results enhancing 
the unusual capability of C-type sesquioxides to form solid 
solutions with either divalent cations (e.g., Ca2+) or tetravalent 
cations (e.g., Zr4+ or Hf4+), with formation of oxygen vacancies 
or oxygen interstitials, respectively. The versatility of this 
structure derives from the existence of large interstitial 

Composition Critical radius rc (Å) Ionic conductivity (S/m) Activation energy (kJ/mol)
La0.95Sr0.05GaO3 0.7511 3.6 60.3
La0.95Sr0.05AlO3 0.9028 2.4E-1 111

TABLE II. CRITICAL RADIUS, IONIC CONDUCTIVITY AT 800OC AND ACTIVATION ENERGY FOR IONIC CONDUCTION OF SELECTED PEROVSKITE TYPE MATERIALS (26)

TABLE III. CONDUCTIVITY (800OC) AND ACTIVATION ENERGY OF SELECTED OXYGEN 
ION CONDUCTORS.

Composition Structure
Ionic 

conductivity 
(S/m)

Activation 
energy 

(kJ/mol)
Ref.

8%Y2O3-92%ZrO2 F 4.5 91 (38)

Ce0.8Gd0.2O2-δ F 8.7 73 (39)

(La0.9Sr0.1)0.98Ga0.8Mg0.2O3-δ Pe 8.6 71 (40)

Gd1.8Ca0.2Ti2O7-δ Py 1.5 65 (41)

La10Si5FeO26.5±δ A 2.3 81 (42)

La9.83Si5.5Al0.5O26.5 A 4.6 57 (43)

F-fluorite, Pe-perovskite, Py-pyrochlore, A-apatite

positions, similar in size to those occupied by the oxygen ions 
in normal positions. In fact, the C-type cubic structure can 
be described as derived from the fluorite, with one fourth of 
the anions missing (Fig. 4). The interstitial positions form a 
continuous network throughout the lattice, thus suggesting 
one easy pathway for interstitial motion (29). 

As previously shown, the ionic conductivity of Ca-doped 
yttria is by far larger than the corresponding value observed 
for Zr- or Hf-doped Y2O3. Besides our own results, previous 
literature data shows identical trends: 5x10-2 S/m versus 
1.7x10-3 S/m, for 3%CaO-97%YO1.5 and 5%CeO2-99YO1.5, 
respectively, at 1000oC (2,29). Earlier work on Sc2O3-ZrO2 and 
Y2O3-HfO2 showed always poor levels of ionic conduction, 
when compared to the equivalent results obtained with 
Ca-doped Y2O3 (30,31). Highly mobile oxygen interstitials 
seemed unlikely to be formed in oxide structures, even when 
stereological constraints are absent.

Lanthanum silicates with the apatite structure were 
recently found to exhibit high oxygen ion conductivity. The 
ideal stoichiometry for apatites with XO4 tetrahedra is (M1, 
M2)10 (XO4)6Z2, with all sites fully occupied. La10 (SiO4)6O3 
is a key example of this new family of materials. When we 
compare this formula with the ideal apatite composition, 
we realize that the metal sites have excess positive charge, 
balanced in this case by one excess oxygen ion. As all normal 
lattice positions are fully occupied, this oxygen must occupy 

Fig. 7- Schematic view of the oxygen interstitial motion mechanism in 
the C-type cubic structure. Ion hopping is usually along face diagonals 
of the cubes defined by eight normal/interstitial oxygen positions. 
The occupied oxygen interstitial position is identified with the symbol 
“OI”. An empty interstitial position is shown as an empty circle sur-
rounded by a dashed line. The metal cation is located below the plane 
containing the anions, in the center of a cube formed by eight oxygen 
ions/interstitial positions.

O2-

Y3+

OI

Fig. 8- Apatite structure of lanthanum silicate based materials with the 
positions of oxygen ions involved in the formation of interstitials iden-
tified as O4.

O4

La2
2

SiO4

22

La1

an interstitial position. 
La10(SiO4)6O3 structure consists of isolated SiO4 tetrahedra 

with La3+ and the remaining O2- ions aligned along specific 
crystal directions (Figure 8). Neutron powder diffraction 
studies indicate that these additional oxygen ions, independent 
of the SiO4 tetrahedra, occupy both “normal” sites along the 
[001] direction of the crystal, and interstitial positions close 
to these ones. Furthermore, not all normal sites are occupied, 
suggesting the formation of oxygen vacancies together with 
interstitial defects. Note that a qualitatively similar situation 
is also characteristic of other structural groups exhibiting fast 
oxygen ion conduction, such as K2NiF4 type and cuspidine 
(32-36). In this case mobile interstitials are located in the lattice 
fragments with mainly ionic bonding and the diffusion path is 
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external to the metal-oxygen polyhedra with strongly covalent 
bonding. 

Attempts to change the ionic conductivity of the apatite 
phases included replacement of Sr for La, La deficiency, and 
replacement of Al or Fe for Si. In general, materials with more 
than 26 oxygen atoms per formula unit exhibit quite large 
ionic conductivities. Also, compositions with La vacancies 
show higher conductivity than those without metal vacancies 
(6-12).Modelling performed on ionic motion in these materials, 
suggests that interstitial oxygen anions are the dominant 
charge carriers. Moreover, La deficiency apparently has an 
important role in the formation of interstitial oxygen defects, 
enhancing this process with respect to the metal stoichiometric 
materials. At the same time, the diffusion path is nonlinear 
and each ion jump is accompanied with a strong relaxation 
of SiO4 tetrahedra (12). The latter feature, in combination 
with the co-existence of lattice fragments having a drastically 
different bond ionicity, is considered one of the most relevant 
differences between simple (e.g. C-type, pyrochlore) and more 
complex (e.g. apatite, K2NiF-type) interstitial conductors. 

As opposed to the case just discussed of yttria-based 
solid solutions, apatites with high concentrations of oxygen 
vacancies are poor ionic conductors. The oxygen content can 
be decreased by replacement of Sr for La in La10(SiO4)6O3. For 
a Sr/La ratio of 2/8 the stoichiometric apatite is obtained, 
with 26 oxygens per formula unit. For higher Sr/La ratios, the 
number of oxygens per formula unit becomes lower than 26, 
and the ionic conductivity drops by more than one order of 
magnitude. Modelling performed on these materials indeed 
suggests that oxygen vacancies are the dominant defects, 
although poorly mobile.

Comparison of the oxygen ion conductivity of these 
apatites with well-known oxygen ion conductors (Table 2) 
shows that we are in the presence of competitive materials, 
namely in the low-intermediate temperature range.

5. FINAL COMMENTS

While we are still in the presence of significant speculation 
on the structural features of apatites, including the suggested 
exact location of oxygen ions and ionic motion mechanisms, 
there is no doubt that an entirely new front was opened 
for further research. To a certain extent, recent work on 
novel structures with significant oxygen ion mobility had a 
precursor about 15 years ago, when the so-called C12A7, a well-
known calcium aluminate present in the cement chemistry, 
wad studied by West and co-workers (37). The novelty of 
such a complex structure in the field of oxygen ion conductors 
deserved (and is yet likely to deserve) a deeper interest from 
the scientific community, again stressing the relevance of an 
enlargement of the field of study.

CONCLUSIONS

In the last 50 years promising oxygen ion conductors 
involved mostly vacancy based transport mechanisms. 
Exceptions to this case, where oxygen interstitials were 
tolerated, showed poor performance. The demonstration of 
high ionic conduction in the apatite structure, likely based 
on an interstitial mechanism, is to a reasonable extent one of 
the most relevant achievements in recent years, opening new 
directions for further research in this area.
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