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Abstract

Oxyapatites are very promising materials in terms of ionic conductivity. They can be considered as a potential electrolyte for fuel cells as SOFC.
Substituted silicated rare earth oxyapatites with formula Lag 33,,3_,Me, o 67-23(S104)60242212 (2<x<z+4) have been prepared by solid-state
reaction at high temperature. Two series have been synthesized: a first one is oxygen stoichiometric with formula Lag 33_5,sMe, g 67—,/3(S104)6 02,
and a second one is anion deficient with formula Lag ;7_5,3Me, [ 83-,/3(S104)601 7500 25. In both cases, cationic vacancies are similarly controlled
and vary from 0.67 to O per unit cell: the aim is to study the influence of cationic vacancies on the ionic conductivity with two distinct oxygen
stoichiometries. Cell parameters of the high-purity oxyapatites have been refined in order to check the strontium incorporation. Discontinuous
evolution of the a parameter underlined the strong electrostatic interactions between the defects of the most highly substituted samples. Electrical
properties of the samples have also been studied by the complex impedance method between 280 and 620 °C. The evolution of conductivity and
activation energy with the cationic vacancies content gives information on the conductivity mechanism, highlighting the importance of the global

stoichiometry of the material.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of SOFC at intermediate temperatures (from 600
to 800 °C) is mainly limited by the electrolyte properties. One
of the most important electrolytes is yttria-stabilized zirconia
YSZ!'* which is well-known as an excellent oxygen-conducting
electrolyte at temperatures beyond 1000 °C. Apatites seem to
be very promising to be used as oxide ion conductors at inter-
mediate temperatures. Indeed, the presence of large conduction
channels containing oxide ions may suggest that materials with
the apatite structure should be appropriate for such an applica-
tion. A wide variety of materials crystallize in the hexagonal
apatite structure (mineral formula Me((XO4)¢Y2, space group
P63/m). Me represents a divalent cation, XOj4 a trivalent anion
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and Y a monovalent anion (Fig. 1). Me?* cations are located
in two different sites: four Mej are at the centre of narrow
tunnels (4f sites), six Mey around large tunnels (6h sites) the
centers of which are occupied by Y~ anions located on the
hexad axis (2a sites). The coordination number of Mey site is
nine, whereas for Meqy, it is only seven.® A lot of substitutions
can be observed in the apatite structure. Rare earth silicate oxya-
patites such as Lag 3300 ¢7(S104)6O> seem to be very attractive
in terms of oxide ions conductivity: oxide ions are located on
the hexad axis in the centre of the large tunnels. As a conse-
quence, oxyapatites are well-known as one-dimensional anionic
conductors.®?

Previous works have already reported the importance of the
presence of cationic vacancies to explain the O~ ions diffu-
sion in the oxyapatite structure.®’ According to these studies,
the existence of these unoccupied cationic sites allows a light
displacement of O?~ ions in large tunnels: “interstitial-like” con-
duction paths are thus created, explaining the good conductivity
values of these materials. These vacancies are supposed to be
mainly located on Me;p sites.10-14
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Fig. 1. View of hexagonal apatite structure Me9(XO4)6Y?2.

A substantial increase in bulk conductivity by one to two
orders of magnitude has been observed when the number of
cationic vacancies is reduced®: Abram et al. have obtained
the best results with alumina-substituted oxyapatites with the
formula La9483D0,17(Si04)4.5(A104)1,502. The same kind of
study is proposed here, yet with another way to control the
number of cationic vacancies. Their number can be reduced
by increasing the amount of La** per unit cell. The for-
mulation of the corresponding oxyapatite can be expressed
as: Lag 3347300.67—23(S104)6024,/2, Where z is the number of
additional positive charges (0<z<2). As a consequence, the
number of charge carriers (0%7) also increases. In order to
keep the oxide’s stoichiometry, trivalent La3* cations can be
substituted by divalent cations Me?*. The formulation thus
becomes Lag 33.47/3—xMexlo.67-/3(Si04)6O2+7/2—x12, Where x is
the number of substituting Me?* cations (z < x < z +4): with such
substitutions, it is possible to control both cationic and anionic
vacancies.

As a consequence, two series of oxyapatites with var-
ious cationic vacancies ratios have been prepared. In a
first one, oxygen sites are fully occupied (x=z) with for-
mulation Lag 33_7,3Me [y.67—1/3(S104)602: the amount of
cationic vacancies varies from 0.67 to O per unit cell
with x=0-0.5-1-1.5 and 2. Anion-deficient oxyapatites

Table 1
Formulations and stoichiometries of the synthesized oxyapatites

have also been synthesized: oxygen vacancies amount is
fixed at 0.25 per unit cell (z=x—1/2) with formulation
La9.17_2x/3MexD0.g3_x/3 (Si04)601.75|:|0.25. Cationic vacancies
also vary from 0.67 to O per unit cell with x=0.5-1-1.5-2
and 2.5. The divalent cation chosen for cationic substitutions
was strontium Sr2* which ionic radius (1.31 A) is lightly higher
than ionic radius of lanthanum La3* (1.216 A).ls ITonic radii are
given for CN=9: indeed, for low substitution ratios, divalent
cations are supposed to be mainly located in 4f sites (CN=9) in
oxyapatites structures.»11,16-22

All the formulations are summarized in Table 1. The aim is
to observe the influence of cationic vacancies on the electrical
properties of oxyapatite materials with different stoichiometries
of the charge carriers.

2. Materials and methods
2.1. Powder synthesis

Powders of LayO3 (Aldrich, 99.9%), SiO, (Prolabo, 99%),
and SrCOs (Aldrich, 99.9%) were used as starting materi-
als. Indeed, the use of divalent metal carbonates is suggested
by many authors for the solid-state synthesis of substituted
oxyapatites.”!820:23-28 Weight losses of strontium carbonate
and hygroscopic lanthanum oxide were determined before
weighing by thermogravimetry, using the TA INSTRUMENTS
SDT 2960. Appropriate amounts were mixed in ethanol and
ground in a ball-mill (30 min, 180 rpm). The dried powders were
then heated up to 1450 °C for 3 h, twice. An intermediate grind-
ing was included between the two thermal treatments in order
to improve the reactivity of the powders. Attrition has been per-
formed for 1 h in ethanol at 490 rpm using a UNION PROCESS
01-Lab Attritor.

2.2. Densification

Samples were uniaxially pressed into discs (100 MPa) with
green density about 55-60% of the theoretical value depending
on the substitutions. Sintering was performed at 1550 °C for 3 h.
Platinum sheets were used to support the pellets.

X z Formulation Cationic vacancies/unit cell Anionic vacancies/unit cell
Various cationic vacancies ratios 0 0 0 Lag 33(Si04)602 0.67 0
anionic vacancies/unit cell
Lag 33-2,3S1x[J0.67—x/3(S104)6 02
0.5 0.5 La95r0'5(8i04)602 0.50 0
1 1 Lag 67Sr1(Si04)6 02 0.33 0
1.5 1.5 Lag'33sr1'5 (Si04)602 0.17 0
2 2 LagSr,(Si04)602 0 0
Various cationic vacancies ratios 0.25 0.5 0 Lag g3Sr( 5(S104)601 .75 0.67 0.25
anionic vacancies/unit cell
Lag 17-2./381x00.83-13(S104)601.7500.25
1 0.5 Lag 5Sr(Si04)601 .75 0.50 0.25
1.5 1 Las'17sr1,5 (Si04)(,01,75 0.33 0.25
2 1.5 La783Sr2(Si04)601 .75 0.17 0.25
2.5 2 La7,5Sr2,5(SiO4)601 75 0 0.25
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2.3. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded with
Cu Ka radiation in the 26 range 17-120° on a 6/26 diffractome-
ter (Siemens, Model D5000, Germany) (6 =diffraction angle).
The crystalline phases were identified from a comparison of the
registered patterns with the international center for diffraction
data (ICDD) powder diffraction files (PDF).

Cell parameters were refined with the
program.?’

The relative densities of the sintered samples were obtained
by Archimedes’ method in water, using the calculated density
determined by the measured cell parameters.

Electrical properties have been measured using a
SOLARTRON 1260 Impedance/Gain Phase Analyzer.
Measurements have been performed after both sides of the
sintered disc were coated with Ag paste. The measurements
have been made in the frequency range 1Hz to 5MHz at
different temperatures rising from 280 to 620°C. Com-
plex impedance plots have been fitted with the software
Z-live. 30

FULLPROF

3. Results and discussion
3.1. Synthesis

X-ray diffraction patterns of the prepared powders are pre-
sented in Figs. 2 (oxygen stoichiometric series) and 3 (0.25 oxy-
gen vacancies per unit cell). In all cases, the main phase has
an apatite structure. The lanthanum silicate La;SipO7 is also
detected: the amount of this phase tends to decrease when
the strontium content increases. Another lanthanum silicate,
La,SiOs is detected in both series when x=0.5 Sr2* per unit
cell. Pure apatite phase is obtained when x > 2 for both series. As
a consequence, it can be assumed that strontium incorporation
tends to favor the formation of apatite more than the formation
La;SioO7 and La;SiOs.

A- apatite
A- La28120T

x-La 8i0,

intensity (a.u.)
é ”

>

—>

Fig. 2. X-ray diffraction patterns of synthesized Lag 33_2,/3S1,(Si04)602 pow-
ders.
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Fig. 3. X-ray diffraction patterns of synthesized Lag 17_2,3S1:(Si04)601.75
powders.

It can be noticed that no secondary phase containing the
strontium element has been detected, confirming the incorpo-
ration of Sr2* in the apatite matrix. Indeed, some authors have
observed the appearance of secondary phase as Me,SiO4 for
high substitution ratios of divalent cations in an oxyapatite
matrix.”

In order to determine the cell parameters of the sintered
materials, the synthesized powders have been heated at 1550 °C
for 3 h, i.e. the same conditions as those of the sintered sam-
ples. X-ray diffraction patterns of these samples are presented
in Figs. 4 (oxygen stoichiometric samples) and 5 (0.25 oxy-
gen vacancies per unit cell). The sintering thermal treatment
caused the complete removal of the La;SiO5 phase (for x=0.5
in both series), whereas LLaySipO7 was not affected. Patterns of
sample with stronger strontium substitution ratios (x > 2) still
present pure apatite phases. Peaks are shifted towards larger
and/or smaller diffraction angles: this confirms the dissolution

A- apatite

A- La251 2O7

A A A A
A

intensity (a.u.)

2

0 I 25 ‘I 30
20

Fig. 4. X-ray diffraction patterns of Lag 33_2,/3Sry(Si04)6O2 powders after cal-
cinations at 1550 °C for 3 h.
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221
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Fig. 5. X-ray diffraction patterns of Lag 17_2,3S1,(Si04)601.75 powders after
calcinations at 1550 °C for 3 h.

of Sr** cations in the apatitic structure (Sr>* has an ionic radius
lightly greater than La’*).

Cell parameters of all the compounds have been refined by
a whole pattern fitting method. A good agreement has been
obtained between observed and calculated spectra with R Bragg
factors comprised between 2.38 and 4.07. The presence of
La;SipO7 has been taken into account for x=0-0.5 and 1 (oxy-
gen stoichiometric samples) and for x=0.5 and 1 (0.25 oxygen
vacancies per unit cell). The evolution of the unit cell volume
with Sr content, La content and cationic vacancies content is
presented in Fig. 6 for both series. They both present similar
evolutions. Unit cell volume remains constant for low strontium
substitution rates (x < 1.5), despite the increase of cations con-
tent (La>* + Sr2+). Unit cell volume then suddenly increases for
higher strontium contents (x> 1.5). The evolution of a and c cell
parameters of hexagonal apatite can explain such a behavior
(Fig. 7). The ¢ parameters steadily increases with the strontium
insertion, whereas the a parameter first decreases and then sud-

cationic vacancies / unit cell

067 050 033 0.17 0 (no oxygen vacancy)
cationic vacancies / unit cell
0.67 0.50 0.33 0.17 0 (0.25 oxygen vacancies)
600 T T T T T

% 595 .
<

[)

1= o]

=]

S 590 a i

S ™, ° o 8

= b A Q

o) A

o

-

‘S 585 B

=]

A oxygen stoichiometric
O 0.25 oxygen vacancies / unit cell
580 1 1 1 1 1
0 0.5 1 15 2 2.5 <— x=Sr/unitcell
La/ unit cell
9.33 9 8.67 8.33 8 (no oxygen vacancy)
La/ unit cell

8.83 8.50 8.17 7.83 750 <€«— .
(0.25 oxygen vacancies)

Fig. 6. Evolution of apatite cell volume: Lag 33_2,/3Sr,(SiO4)cO7 (no oxygen
vacancy) and Lag 17-2,3S1x(5104)601 75 (0.25 oxygen vacancies).

denly increases when x > 1.5. The same kind of results have been
obtained by Sansom et al. who studied strontium-substituted
oxyapatites with formula Lag 33_2,/3S1,SigO26.

According to the theoretical formulation (Lag 334z 3—x
Me,0o.67-2/3(Si04)602+22—x20x2—22) one Sr** ion replaces
0.66 La3* ions and 0.33 cationic vacancies: globally, the num-
ber of cations per unit cell increases with the insertion of Sr>*
ions. As a consequence, the increase observed in the ¢ parameter
is logical. On the other hand, the evolution of the a parameter is
more unexpected. The X-ray diffraction patterns used for the cell
parameters refinements show that apatite phases are relatively
pure (Figs. 4 and 5), without any secondary phase containing
strontium: this one is totally inserted in the apatite matrix, and
the unexpected evolutions of the cell parameters are thus not
ascribable to a random insertion of strontium in apatite or to sig-
nificant variations of real stoichiometry compared to theoretical
stoichiometry. It is thus extremely probable that the evolutions
observed in Figs. 6 and 7 are above all due to electrostatic inter-
actions between the various defects found in the apatite cell:

cationic vacancies / unit cell

067 050 033 047 0 <——— " (nooxygenvacancy) —> 067 050 033  0.47 0
cationic vacancies / unit cell
0.67 0.50 0.33 0.17 0 < (0.25 oxygen vacancies) —> 067 0.50 0.33 0.17 0
T T T T T 726 T T T T T
9.74 —
7.24 - o _
9724 . &
. o o o
— 4 o 722} ) a i
< A
< g7L N Q A - < o
®© o A
72+ E
9.68 b A
718 |- E
9.66 - A no oxygen vacancy A 1o oxygen vacancy
. O 0.25 oxygen vacancies O 0.25 oxygen vacancies
1 I ! ! L 7.16 1 1 1 1 |
0 0.5 1 1.5 2 2.5 <«—— x=Sr/unitcel —> 0 0.5 1 1.5 2 25
933 9 867 833 8 «— Lasunitcel o 33 9 867 833 8
(no oxygen vacancy)
883 850 817  7.83 750 <— __La/unitcell —————> 883 850 817 783 750

(0.25 oxygen vacancies)

Fig. 7. Evolution of a and c cell parameters: Lag 33_2,/3S1,(Si04)6O2 (no oxygen vacancy) and Lag 17_2,/3S1,(SiO4)601.75 (0.25 oxygen vacancies).
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the effects due to the insertion of a cation lightly larger than
lanthanum would thus be supplanted by these interactions. The
defects varying from one composition to another are as follows:

e cationic vacancies (negatively charged);

e anionic vacancies (positively charged);

e divalent cations in the place of trivalent cations (negatively
charged).

The anionic vacancies in all the cases are located in the tun-
nels of the type II (2a sites). The cationic vacancies and the
divalent cations can be located in the tunnels of the type I (4f
sites) or at the periphery of the tunnels of the type II (6h sites).
The literature suggests that these two types of defects are pref-
erentially located in 4f sites for low substitution rates.!0-14.16-22
However, it can be supposed that their repartition evolves with
the extent of substitution: a certain number of these defects may
come in 6h sites when the rate of substitution increases. A com-
plete refinement of the structure of all apatites of the two series
could bring further information on the evolutions of the cell
parameters observed here. However, the regular increase of the
¢ parameter indicates that the insertion of strontium is regularly
achieved in the apatite matrix.

Densification ratios of all the sintered pellets are all greater
than 90%: as a consequence, the influence of porosity on the
electrical properties of the bulk material can be neglected.

3.2. Electrical properties

Complex impedance plots (Z” vs. Z') consisted of two
overlapping arcs and a low frequency contribution with an asso-
ciated capacitance of a few wFE. A typical example of complex
impedance plot is shown in Fig. 8 in a Nyquist format for the
Lag 17Sr1.5000.33(S104)601.7500.25 apatite at 500 °C. The low
frequency contribution is attributed to ionic polarization and
diffusion-limited phenomena at the Ag electrode. The first semi-
circle in the high frequency region corresponds to the bulk
component, whereas the other, in the intermediate frequency
region corresponds to the grain boundaries contribution. The
bulk components were considered in order to determine the con-
ductivity values noted o. These values were calculated with the
formula o =#/(RS), where R is the bulk resistance, f and S the
samples thickness and area, respectively. R was extracted from

100 kHz 10 kHz

Zn (Q)
)%}
(=)
o
o
o

the intercept of the high frequency arc with the real Z' axis after
refinement of the complex impedance spectra. The associated
capacitances of the high frequency arcs were calculated to be a
few pF using the relationship wRC=1 at Z],, (where w is the
angular frequency and w = 277f, where fis the applied frequency),
which is consistent with the bulk response. The associated capac-
itances of the mid-frequency arcs were calculated to be a few nF,
which is consistent with their assignment to the grain boundaries
response.

Globally, the samples impedance decreases when the tem-
perature increases. Refined bulk conductivity data of all
samples are shown in an Arrhenius representation in Fig. 9
(oxygen stoichiometric oxyapatites (a) and oxygen-deficient
oxyapatite (b)). The data were parameterized by the Arrhe-
nius equation o =0gexp(—AE,/kT), where o, 09, AE,, k
and T are the conductivity, pre-exponential factor, activation
energy, Boltzmann constant and absolute temperature, respec-
tively. The temperature dependence on samples containing O
cationic vacancy per unit for Lag 33_2,/351,(S104)6O0; apatites,
Lag 17-2+/3S1,(Si04)601 .75 and 0.17 and O cationic vacancies
per unit cell for Lag 17_2,/3S14(S104)601 75 apatites are not pre-
sented: the impedances of these samples were too high to be
measured, and furthermore to be refined.

In order to get accurate results, conductivities have been
determined at 500°C (1000/T ~—271.85°C~1): the best
impedance plots refinements have been obtained at this tem-
perature with limited electrode contribution and well-defined
high frequency semi-circles (Fig. 8). Activation energies have
been calculated from the linear fitting of the conductivity data
measured between 300 and 600°C: the best refinements of
bulk conductivity values have been obtained in this temper-
ature range. The evolutions of bulk conductivities at 500 °C
and activation energies are presented in Fig. 10(a) (oxygen
stoichiometric apatites) and in Fig. 11 (oxyapatites with 0.25
oxygen vacancies per unit cell). The results of the oxygen
stoichiometric apatites (Fig. 10(a)) can be compared to those
obtained by Abram et al.® on alumina-substituted oxyapatites
with formula La9.83D0_17(SiO4)4.5(A104)1_502 (Fig. lO(b)):
cationic vacancies ratios variations are the same as for the
oxyapatites synthesized here. In both cases, a decrease of the
cationic vacancies content involves a significant increase of
the ionic conductivity (one half order of magnitude for the
strontium-substituted oxyapatites, and two orders of magni-

100 Hz

10 Hz
1Hz

60000 80000 100000 120000 140000

Z'(Q)

0 20000 40000

Fig. 8. Complex impedance plot at 500 °C of Lag 17Sr1.5000.33(Si04)601.750.25.
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Fig. 9. Temperature dependence on bulk conductivity of Lag 33_2,3S1r:(Si04)602 (a) and Lag 17-2,3S1,(S104)601 75 (b).

tude for AlO4-substituted oxyapatites). A maximum is reached
before a decrease. This maximum is not the same for both series:
it is comprised between 0.50 and 0.33 cationic vacancies per
unit cell for strontium-substituted oxyapatites, and it is around

@) i e 0.17 cationic vacancies per unit cells for AlOg4-substituted
0.67 0.50 0.33 0.17 0 P 4
35 . . . 0.8 oxyapatites.” Furthermore, the conductivity decrease is much
*— faster for strontium oxyapatites than for A1O4-substituted ones:
4l NG 1075 it is not measurable for strontium samples without any cationic
T e % vacancy, whereas it goes back to unsubstituted oxyapatites
€ i & a ™~ 107 % conductivity values for Abram’s samples. The same kind of
- - Y . . . .
5 e > electrical behavior has been observed by Arikawa et al. for
© & 10865 3 Sr-doped oxyapatites with formula Lajg_ xerSi6027_2x/332 (the
3 5r e best conductivity value is measured when x=0.25) and by San-
a {06 = . . .
) som et al. for oxyapatites with formula Lag 33_72,/3S1,SigO26 (the
55 . {05 - conductivity of samples highly doped with Sr decrease’!). A
- conductivity : . i . .
. &= activation energy continuous decrease is observed for strontium samples contain-
_6 1 1 1 05
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Fig. 10. (a) Evolution of the bulk conductivity and of activation energy at 500 °C
of Lag 33-2,351,(Si04)60, apatites with Sr content, La content and cationic
vacancies content; (b) variation of bulk conductivity with La content at ~300 °C
for Al-doped Lag 33(Si04)60,.”

9.17-2x/3 = La / unit cell

Fig. 11. Evolution of the bulk conductivity and of activation energy at 500 °C
of Lag 17-2,3S1x(Si04)601 75 apatites with Sr content, La content and cationic
vacancies content.
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ing 0.25 oxygen vacancies per unit cell (Fig. 11). The activation
energy regularly decreases in Fig. 10(a) and remains constant in
Fig. 11, even when the conductivity decreases, which is a very
surprising result. This point is not consistent with previous work
reported by Sansom et al.3! where the activation energy tends to
increase with the Sr incorporation in oxyapatites with formula
Lag 33_2./3S1,SigO26.

Earlier studies have already shown the importance of the pres-
ence of cationic vacancies located in 4f sites (type I tunnels)®33:
crystal structure refinements showed that the presence of these
vacancies allows for a displacement (a few 0.1 A) of SiOy tetra-
hedra. As a consequence, some 02~ ions located in 2a sites
(14% 1in Lag 33(Si04)602) might be displaced to “interstitial-
like” positions, creating “Frenkel-like” defects. These particular
positions might be the cause of the O>~ ions conduction pro-
cess, even if the way of diffusion has not been exactly defined
yet. As a consequence, the rough decrease of conductivity of
both strontium-substituted oxyapatites series can be explained
by the lack of cationic vacancies allowing good diffusion paths
through large tunnels.

Furthermore, the evolutions of the conductivity can be corre-
lated to the evolutions of the cell parameters of the substituted
oxyapatites described above. Figs. 12 and 13 show the superpo-
sition of these two evolutions for both series. It is interesting
to notice that the conductivity decreases when the evolution
of the apatites cell volume present discontinuity. The strong
electrostatic interactions between defects of highly substituted
oxyapatites which are supposed to cause the discontinuous evo-
lution of cell parameters might also explain the rough decrease
of conductivity: these interactions might limit the diffusion of
some charge carriers.

As a consequence, this might also explain the evolution of
activation energy, which decreases even when the conductivity
decreases. Indeed, the activation energy is inversely proportional
to the conducting ions’ mobility (E, ~In(1/u)), whereas the
conductivity is proportional to both mobile species concentra-

0.67-x/3 = cationic vacancies / unit cell

0.67 0.50 0.33 0.17 0
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Fig. 12. Evolution of the bulk conductivity at 500 °C and of cell volume of
Lag 33-2x/3S1x(Si04)6 O, apatites with Sr content, La content and cationic vacan-
cies content.

0.83-x/3 = cationic vacancies / unit cell

0.67 0.50 0.33 0.17 0
-3.5 T T T 593
-+ conductivity
- 4— cell volume
4r 592
= / Q
% 4511--. / o]
D r 1 591
7z} A / s
o] / 5
=2}
L2 st , 1590 2
. Ny / %
A
55 e ~ 0/ 4 589
N s
~ 7
-
-6 1 L 1 588
0.5 1 1.5 2 25

x = Sr/ unit cell

8.83 8.50 8.17 7.83 7.50
9.17-2x/3 = La / unit cell

Fig. 13. Evolution of the bulk conductivity at 500 °C and of cell volume of
Lag 17-2x/3S1,(Si04)601 75 apatites with Sr content, La content and cationic
vacancies content.

tion and mobility (o ~ Cp). The evolutions observed for highly
substituted samples can thus be explained by a decrease of the
mobile ions concentration (explaining the decrease of conduc-
tivity), while the mobility of the ions still moving through the
crystal structure is improved by the electrostatic interactions:
this may explain the continuous decrease of activation energy.
However, the conduction process in these materials seems to be
very complex and very dependent on the global stoichiometry.
Too great an amount of punctual defect may highly limit the
oxide ions diffusion.

4. Conclusion

Substituted anion conductors with formula Lag334,3_x
erDO.67—z/3(Sio4)602+z/2—x/2 (with z<x<z+4) have been
successfully prepared by solid-state synthesis at high tem-
perature. Based on this formulation, it is possible to
control the stoichiometry of two kinds of punctual defects:
cationic vacancies and oxide ions vacancies. Two series
have been prepared. A first one is oxygen stoichiometric
with formula Lag 33_7,/3Sr[Jy67—x/3(Si04)6O2, and a second
contains 0.25 oxide ions vacancies per unit cell with for-
mula Lag 17_2,3S1:[p.83-+/3(Si04)01 7510 25. In both series,
cationic vacancies ratio varied from 0.67 to O per unit cell.
High-purity apatite phases have been obtained, especially for
the higher substitutions ratios. Cell parameters refinement gave
information on the strontium incorporation in the apatite struc-
ture: in both cases, cell volume remains constant for lower
substitution rates (x < 1.5) and then suddenly increases. Indeed,
the ¢ parameter regularly increases (attesting to a good incorpo-
ration of strontium in the apatite matrix), but the a parameter first
decreases before a discontinuous increase for higher substitu-
tion ratios. This phenomenon has been attributed to electrostatic
interactions between the various defects introduced in the highly
substituted samples.
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Electrical properties of the samples have been studied.
Refinement of the complex impedance plots gave the bulk con-
ductivity values at 500°C and the activation energy of the
conduction process. An improvement of the conductivity about
one half order of magnitude is observed for low substitution
rates for the oxygen stoichiometric samples, with a simultaneous
decrease of activation energy. Higher substitution ratios tend to
lower the conductivity, with a surprisingly still decreasing acti-
vation energy. The conductivity of apatites with vacancies of
charge carriers decreases continuously, with a rougher decrease
for higher substitution ratios. These results highlight the impor-
tance of cationic vacancies for the oxide ions diffusion: their
presence in 4f sites might involve the creation of particular
pathways in the conduction tunnels. Furthermore, the rough
decrease of the conductivity of highly substituted apatites has
been correlated to the discontinuous evolution of cell parame-
ters: electrostatic interactions between punctual defects causing
increasing of the a parameter should also be responsible for
the limited oxide ions diffusion. The continuous decrease of
activation energy has also been attributed to these electrostatic
interactions. These interactions might improve the mobility of
the ions which are still diffusing. As a consequence, the great
complexity of the O?~ conduction in oxyapatites has been
underlined, showing that their displacements might be strongly
dependent on the global stoichiometry of the materials.
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