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Abstract

Lanthanum silicate oxyapatites of structural formula La9.33+x(SiO4)6O2+1.5x (0 < x < 0.27) are currently investigated for their high ionic conductivity.
We have studied the synthesis of pure apatite powders, especially La9.33(SiO4)6O2 and La9.56(SiO4)6O2.34, by solid state reactions. We have
finalized a synthesis process which limits the formation of the often encountered secondary phases La2SiO5 and La2Si2O7 by using an appropriate
thermal treatment of the starting mixture. Lanthanum oxyapatite powders were synthesized at a temperature much lower (1200 ◦C) than that
used in the conventional powder solid-state synthesis routes (T > 1600 ◦C). X-ray diffraction, scanning electron microscopy and specific surface
area measurements were used to analyze the structural and microstructural changes of the as prepared powders heated at different temperatures.
Electrical characterization of pure sintered materials was conducted and showed that the incorporation of extra oxide ions, corresponding to the

La9.56(SiO4)6O2.34 composition, enhanced the ionic conductivity by one order of magnitude when comparing to that of the La9.33(SiO4)6O2 sample.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Oxide ion conductors working at moderate temperatures have
huge market potential as electrolytes for solid oxide fuel cells

SOFCs). The direct conversion of chemical to electrical energy
hrough an electrochemical reaction is allowed by this device
ith excellent environmental compatibilities. However, the
idely used yttria stabilized zirconia (YSZ) works as electrolyte
nly at high temperatures (900–1000 ◦C). To overcome disad-
antages of these high operating temperatures, other oxide ion
onductors working at intermediate temperatures (600–800 ◦C)
re actively investigated to replace YSZ.1 Recently, signifi-
ant researches have been performed on lanthanum silicates

ith an apatite-type structure with composition La9.33(SiO4)6O2
hich exhibits high ionic conductivity at lower temperatures

σ = 7.2× 10−5 S cm−1 at 500 ◦C and 1.4× 10−3 S cm−1 at

∗ Corresponding author. Tel.: +33 555457460; fax: +33 555457586.
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3(SiO4)6O2

00 ◦C).2 Electrical properties could be enhanced by the incor-
oration of excess La2O3 into this structure3–5 in order to form
ypothetical La9.33+x(SiO4)6O2+1.5x (x > 0) compositions. It is
chieved by filling interstitial sites with oxide ions located near
he 2a sites (0, 0, 0.25) of the P63/m unit cell (Fig. 1). For these
ompositions, either La2SiO5 or La2Si2O7 are easily formed
s secondary phases. Once they appear, it is very difficult to
liminate them by further firing.

Studies performed on the synthesis of apatite-type lanthanum
ilicates by solid state reactions have indicated that repeated
ong thermal treatments at high temperatures are required to
repare pure apatite-type lanthanum silicate when starting from
a2O3 and SiO2.4,6–9 These high temperatures present some
isadvantages such as a poor control of the morphology and
article size. To overcome these problems, other methods have
een developed such as mechanochemical synthesis and sol–gel

oute.2,10–12 However, the sol–gel route implies several heating
teps to promote the formation of a gel and ensure the removal of
ll the organic components. Mechanochemical synthesis needs
long milling time (higher than 9 h) of the starting mixture.

mailto:eric.champion@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.045
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ig. 1. c-Axis view of the crystal structure at room temperature of
a9.33�0.67(SiO4)6O2 showing the SiO4 groups as tetrahedra and La(4f), La(6h)
nd O(2a) atoms as balls.

oreover, such processes are complex because they require a
uge knowledge of all synthesis parameters otherwise they could
ead to the formation of a great amount of secondary phases. In
ddition, these processes often produce nanocrystalline powders
ith a low conductivity.
In this study, we describe a new faster and lower temperature

ethod for preparing pure apatite-type lanthanum silicate from
solid-state method. The high reactivity of the lanthanum oxide
gainst H2O and CO2, transforming it into lanthanum hydroxide
nd carbonate, obviously influences its behaviour and the reac-
ions with other compounds as reported by several authors.13–22

he aging in ambient air involves a bulk hydroxylation and can
lso lead to a carbonation reaction. The carbonation process is
uggested to occur mainly through the formation of surface car-
onates or hydroxycarbonates. Additionally, when the number
f carbonate groups increases, they become more and more diffi-
ult to remove with the temperature.21 Such information must be
aken into account to control the reactivity of La2O3 with SiO2.
he formation mechanism and the properties of the final prod-
cts obtained from classical solid state reaction depend on the
hermal history of the reagent powders.15 Accordingly, we have
tudied the reaction of the starting mixture La2O3/SiO2 (with
a:Si = 9.33:6) during heating using X-ray diffraction (XRD),

hermogravimetry coupled with differential thermal analysis
TG/DTA) and mass spectrometry (MS) in order to manage the
ormation of apatite. Especially, we propose a new method to
void the formation of any secondary phase. Via this process,
e have prepared and heated at different temperatures two com-
ositions of apatite (La9.33(SiO4)6O2 and La9.56(SiO4)6O2.34).
he structural and microstructural changes observed along the
ynthesis and sintering processes have been investigated using
RD and scanning electron microscopy (SEM). Ionic conduc-

ivity properties of the sintered materials have been measured
nd discussed.
. Experimental

The apatite-type lanthanum silicates La9.33+x(SiO4)6O2+1.5x

x = 0 and 0.23) were prepared by solid state reaction using
f
b

eramic Society 28 (2008) 2717–2724

igh purity La2O3 (Aldrich, 99.9%) and SiO2 (Prolabo, 99%)
owders. La2O3 was previously dried at 800 ◦C for 30 min in
rder to eliminate lanthanum hydroxide and/or oxycarbonates
nd to determine the appropriate amount of this reagent. Oxides
ere first attrition milled for 3 h in ethanol at 450 rpm using a
nion Process 01-Lab Attritor. Then, the ethanol was evaporated
nder vacuum at 45 ◦C. Different temperatures of calcination
n the range 1200–1500 ◦C with a 4 h annealing time at each
emperature, were tested in order to obtain these stoichiometric
eactions:

9.33/2)La2O3+ 6SiO2→ La9.33(SiO4)6O2 (1)

9.56/2)La2O3+ 6SiO2→ La9.56(SiO4)6O2.34 (2)

he calcined powders were uniaxially pressed (100 MPa) into
ellets and then sintered in air at 1600 ◦C for 1 h resulting in disks
ith a diameter of∼10 mm and a thickness of∼2 mm. The den-

ification of sintered materials was determined by geometrical
easurements.
To investigate the La2O3/SiO2 system, differential ther-

al analysis and thermogravimetry (DTA/TG) of the starting
ixtures (with La:Si = 9.33:6) were performed using a TA

nstruments SDT 2960 under helium atmosphere. The analysis
f evolved gases was followed using a quadruple mass spectrom-
ter (MS) (Pfeiffer vacuum thermostar) coupled together with
he previous apparatus. The output of the mass spectrometer
howed a plot of the relative intensity of a mass-to-charge ratio
noted m/e and corresponding to the molecular weight) versus
he temperature.

Powders or pellets XRD patterns were recorded with a
iemens D5000 diffractometer (θ–2θ mode, Cu K� radiation) in

he 2θ range 20–60◦ (step size: 0.04◦; time range: 45 min). The
rystalline phases were identified using the International Centre
or Diffraction Data (ICDD) Powder Diffraction Files (PDF).

The specific surface area of powders heated at different tem-
eratures was measured using the Brunauer, Emmet and Teller
BET) method (eight points, N2 gas analyzer Micromeritics
SAP 2010), after degassing under vacuum at 200 ◦C.
Microstructural investigations were made using SEM

Hitachi S2500). The surface of samples sintered at 1600 ◦C
as prepared before observation by polishing with a SiC paper.
hen, the microstructures were revealed by a thermal etching at
550 ◦C for 30 min.

Ionic conductivity properties were measured by the com-
lex impedance method using a Solartron 1260 Impedance/Gain
hase Analyzer. Measurements were made after coating oppo-
ite sides of sintered pellets with colloidal silver lac. The samples
ere characterized in the 250–600 ◦C temperature range, using

requencies from 1 Hz to 5 MHz.

. Results and discussion

.1. Thermal behaviour of La2O3/SiO2 mixture
The mixture containing La2O3 (previously dried at 800 ◦C
or 30 min) and SiO2 (with La:Si = 9.33:6, Eq. (1)) was milled
y attrition for 3 h in ethanol. In spite of such a care, La2O3
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ig. 2. XRD patterns of La2O3:SiO2 (with La:Si = 9.33:6) sample prepared by
he solid-state reaction technique after heat treatment at different temperatures.

as inevitably transformed into La(OH)3 as detected on the
RD pattern (Fig. 2) at room temperature. As reported in the

iterature,21 a carbonation process of the surface of La(OH)3
ould also occur in ethanol through the formation of hydroxy-
arbonates according to the following reactions.

a2O3+ 3H2O ↔ 2La(OH)3 (3)

La(OH)3+ xCo2↔ La2(OH)6−2x(CO3)x+ xH2O (4)

he hydroxide phase could be surrounded by an highly
isordered surface layer of hydroxycarbonate phases
La2(OH)6−2x(CO3)x; Eq. (4)), and the number of carbonated
roups (x in Eq. (4)) would increase with the time of exposition
o air.23 XRD patterns (Fig. 2) showed the presence of different
ntermediate phases during heating which corresponded to the
ehydration and decarbonation of lanthanum phases. In fact,
a(OH)3 or La2(OH)6−2x(CO3)x compounds were thermally
ecomposed into LaOOH and La2O2CO3 phases, both finally
iving La2O3.

As deduced by TG and MS plots in Fig. 3(a and b), an experi-
ental weight loss (�M/M0) of about 13.5 wt.% occurred during

eating, which proceeded in three steps. The first two steps
round 300 and 450 ◦C (noted I and II in Fig. 3) comprised the
ehydration process of lanthanum hydroxide and hydroxycar-
onate phases with H2O releases at m/e = 18 (Fig. 3b) according
o the following equilibrium reactions14,15,24:

La(OH)3
310◦C←→2LaO(OH)+ 2H2O (5)

LaO(OH)
460◦C←→La2O3 + H2O (6)
a2(OH)4(CO3) · nH2O
200◦C←→La2(OH)4(CO3)+ nH2O (7)

a2(OH)4(CO3)
430◦C←→La2O2(CO3)+ 2H2O (8)

p
(
X
e

ig. 3. (a) DTA-TG and (b) MS diagrams under helium atmosphere of the
tarting La2O3/SiO2 (with La:Si = 9.33:6) mixture milled in ethanol.

he lanthanum hydroxide phase was totally dehydrated into
a2O3 above 460 ◦C according to the reversible reactions (Eqs.

5) and (6)). The presence of the La2(OH)6−2x(CO3)x phase
t room temperature was also confirmed by DTA/TG analysis,
ass Spectrometry and by the detection on the XRD patterns,

bove 400 ◦C, of the La2O2CO3 compound formed according to
q. (8). Then, the third step corresponded to the decarbonation
f this La2O2CO3 intermediate phase, at about 650 ◦C, which
as associated to a CO2 gaseous release at m/e = 44 (Fig. 2b). It

esulted in the formation of lanthanum oxide21 according to:

a2O2CO3
650◦ C←→La2O3 + CO2 (9)

he La2O3 compound was completely formed only above
50 ◦C and could react with SiO2 in order to produce an apatite

hase according to the synthesis reactions listed in Eqs. (1) and
2). However, a secondary phase La2Si2O7 was detected on the
RD pattern from 500 ◦C (Fig. 2). As reported on the phase

quilibrium diagram of La2O3/SiO2,25 this phase is stable up
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heated at 450 ◦C and then calcined at different temperatures
(1200, 1300, 1450 and 1500 ◦C) for 4 h in order to deter-
mine the temperature range allowing the preparation of a pure
ig. 4. Powder XRD patterns of mixtures calcined at 1500 ◦C for 4 h without or
ith preheating of the furnace at 250 and 450 ◦C.

o 1750 ◦C and its elimination by sintering at high temperature
ppears difficult. It was still detected after calcination at 1500 ◦C
or 3 h (see XRD pattern of the powder heated without preheating
f the furnace in Fig. 4). The formation of this secondary phase
as assumed to be related to the reaction between the intermedi-

te LaO(OH) phase, formed after the decomposition of La(OH)3
ompound (Eq. (5)), and SiO2 (Eq. (10)) as confirmed by XRD
nalysis. The reactivity of the intermediate phase LaO(OH) led
t to react according to two competitive reactions (Eqs. (6) and
10)):

LaO(OH)+ 2SiO2
≈450◦C←→ La2Si2O7 + H2O (10)

.2. Synthesis and sintering

In order to eliminate the La2Si2O7 impurity, it was neces-
ary to use a suitable thermal treatment which can avoid the
reliminary formation of the LaO(OH) compound. Therefore,
wo mixtures (with La:Si = 9.33:6 and 9.56:6, respectively) were
ttrition milled by attrition in ethanol and kept in a dry atmo-
phere at 130 ◦C to prevent hydration by atmospheric water
apour. A preheating of the furnace was also performed before
he introduction of the powder mixture. A XRD study performed
n the La9.33(SiO4)6O2 and La9.56(SiO4)6O2.33 compositions
Fig. 4) confirmed that this preheating before introducing the
owder into the furnace had a direct influence on the purity of
he final product after heating at 1500 ◦C for 4 h. In fact, a signif-
cant decrease of the intensity of the La2Si2O7 phase diffraction
eaks was observed for both La9.33(SiO4)6O2 (not shown) and
a9.56(SiO4)6O2.33 (Fig. 4) samples when the furnace was pre-
eated at 250 ◦C.
However, at this relatively low temperature, the dehydra-
ion of lanthanum hydroxide compounds was not total and so
t did not lead to the formation of pure apatite. The formation
f the La2Si2O7 secondary phase was totally inhibited when

F
p

Fig. 5. Experimental procedure for the synthesis of pure apatite phases.

he dry powders, kept at 130 ◦C, were placed into the furnace
irectly at 450 ◦C. The intermediate LaO(OH) phase was not
ormed above 460 ◦C and so the reaction written in Eq. (10)
ould not occur. This confirms the major role of this interme-
iate compound on the formation of the undesirable La2Si2O7
hase. Consequently, pure powders of both La9.33(SiO4)6O2 and
a9.56(SiO4)6O2.33 compositions could be synthesized using the
xperimental procedure summarized in Fig. 5.

The starting mixtures were first introduced in a furnace pre-
ig. 6. XRD patterns of La9.56(SiO4)6O2.33 mixtures calcined at different tem-
eratures (during 4 h) in a furnace previously preheated at 450 ◦C.
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Table 1
Specific surface area of powders calcined at different temperatures

Temperature of thermal treatment (during 4 h)

Starting mixture before calcination 1200 ◦C 1300 ◦C 1450 ◦C 1500 ◦C

Composition: La9.33(SiO4)6O2

Specific surface area (m2/g) 13.50 2.22 1.30 0.46 Not measurable

L
2.13 1.31 0.80 Not measurable
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Table 2
Densification ratio (%) of pellets sintered at 1600 ◦C during 1 h vs. the temper-
ature of synthesis of the starting powders

Temperature of powders synthesis
during 4 h

1200 ◦C 1300 ◦C 1450 ◦C 1500 ◦C

Composition: La9.33(SiO4)6O2

Densification ratio (%) after
sintering at 1600 ◦C during 1 h

Broken 90.6 88.6 –

La9.56(SiO4)6O2.33

r
r

t
t

a9.56(SiO4)6O2.33

Specific surface area (m2/g) 13.50

patite-type phase. The thermal behaviour of the hypothetical
a9.56(SiO4)6O2.33 composition was investigated using XRD. It

s shown in Fig. 6, and it is similar to that of La9.33(SiO4)6O2
ompound. The final product is composed of an apatite-type lan-
hanum silicate phase without La2SiO5 or La2Si2O7 secondary
hase whatever the temperature might be.

So, well-crystallized and pure powders of lanthanum silicate
xyapatite can be obtained by a thermal treatment at a tempera-
ure as low as 1200 ◦C for only 4 h of annealing. This temperature
s much lower than that of 1500 ◦C previously required by Vin-
ent et al.9 for the synthesis of oxyapatite compound using a
lassical high temperature solid-state reaction. This firing treat-
ent is also much shorter than the 39 h at 1300 ◦C recommended

y Leon-Reina et al.4

Moreover, this new fast- and low-temperature synthesis
ethod that we have developed presents the advantage of lim-

ting grain growth. Besides, thermal treatments at temperatures
igher than 1450 ◦C of La9.56(SiO4)6O2.33 and La9.33(SiO4)6O2

owders have led to a decrease of their specific surface areas
Table 1). The formation of big agglomerates was confirmed on
he SEM micrographs (Fig. 7). However, it must be noted that
t this low synthesis temperatures some residual La(OH)3 still

a
fi
t
w

Fig. 7. SEM micrographs of La9.56(SiO4)6O2.33
Densification ratio (%) after
sintering at 1600 ◦C during 1 h

92.6 90.2 75.7 70.0

emains after calcination (Fig. 6) indicating that the synthesis
eaction (Eqs. (1) and (2)) was not complete.

The La9.56(SiO4)6O2.33 and La9.33(SiO4)6O2 powders syn-
hesized at different temperature were pressed into pellets and
hen sintered at 1600 ◦C for 1 h. The final densification ratios

re reported in Table 2 and show a strong decrease of the densi-
cation ratio (from 92.6 to 70.0%) of sintered pellets versus the

emperature of synthesis. The reduction of densification ratios
as linked to the large fall of the specific surface area (Table 1)

samples calcined at different temperatures.
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Fig. 9. SEM micrographs of the surface of (a) La9.33(SiO4)6O2 and (b)
La9.56(SiO4)6O2.33 pellets sintered at 1600 ◦C during 1 h from powders syn-
thesized at 1300 ◦C during 4 h.
ig. 8. XRD patterns of (a) La9.33(SiO4)6O2 and (b) La9.56(SiO4)6O2.33 pellets
intered at 1600 ◦C during 1 h from powders synthesized at 1300 ◦C during 4 h.

nd the presence of hard agglomerates during the calcination at
emperature which exceeding 1300 ◦C. So, the fast and low tem-
erature (T≤ 1300 ◦C) synthesis method is essential to produce
ne powders containing reactive particles, i.e. having a great
urface area, in order to enhance the densification during the
intering.

The 1300 ◦C heat-treated powders made it possible to obtain
ure and relatively dense pellets (≈90%) of La9.33(SiO4)6O2
nd La9.56(SiO4)6O2.33 compositions after sintering at 1600 ◦C
or 1 h (Fig. 8). Accordingly, this experimental procedure is an
cceptable compromise for having a good purity of the pellet
nd a suitable densification ratio.

Nevertheless, the microstructure of dense pellets showed sig-
ificant differences (Fig. 9) depending on the composition. The
orphology of the starting powders was similar but the grain

ize after sintering was much bigger for La9.33(SiO4)6O2 than
or La9.56(SiO4)6O2.33 compound (Fig. 9). The effect of oxygen
nd lanthanum additions modified the grain growth. Neverthe-
ess, the surface of the sintered body did not show any particular
ign of preferential orientation of grains during their growth, the
elative intensity of the XRD peaks (Fig. 8) were comparable to
hat given by the PDF card.

.3. Ionic conductivity of dense pellets

As the densification ratios were similar for La9.33(SiO4)6O2
nd La9.56(SiO4)6O2.33 pellets after sintering at 1600 ◦C for 1 h
rom powders initially synthesised at 1300 ◦C for 4 h, it was
ossible to compare their bulk ionic conductivity versus the

toichiometry.

Fig. 10 shows the complex impedance plots obtained at 310
nd 322 ◦C for La9.33(SiO4)6O2 and La9.56(SiO4)6O2.33 sam-
les, respectively. These plots describe three semicircles: the

Fig. 10. Complex impedance plots of (a) La9.33(SiO4)6O2 and (b)
La9.56(SiO4)6O2.33 compounds at 310 and 322 ◦C, respectively.
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ig. 11. Bulk ionic conductivity of La9.33(SiO4)6O2 and La9.56(SiO4)6O2.33

amples. Data on YSZ1 are shown for comparison.

rst one in the high-frequency region corresponds to the bulk
esponse, whereas the second one, in the middle-frequency
egion, is related to the grain boundary contribution and the
ast one is due to the electrode interface contribution. It is worth
oting that as the grain size of the two samples was different,
his could induce some changes in the grain boundary response.

It was difficult to resolve bulk and grain boundary
emicircles for both compositions (Fig. 10) since the conduc-
ivity of these samples was high (σbulk = 1.5× 10−4 S cm−1

nd 1.4× 10−3 S cm−1 at 500 ◦C for La9.33(SiO4)6O2 and
a9.56(SiO4)6O2.33 phases respectively). Moreover, these sam-
les had a measurable conductivity at temperature as low as
00 ◦C. The activation energy was low (0.7 and 0.8 eV, respec-
ively) and the bulk conductivity of La9.56(SiO4)6O2.33 material
as ten times higher than that of La9.33(SiO4)6O2 compound.
A possible explanation for the higher ionic conductivity of

a9.56(SiO4)6O2.33 sample is that the composition had an excess
f oxide ions. As observed by Yoshioka,5 the incorporation of
xtra oxide ions with increasing the La content from x = 9.33
o 9.92 enhances the ionic conductivity. We have compared our
esults with their result, though care must be taken because dis-
repancy can arise from the measurements methods and from
he refinement of the complex impedance plots, and we have
ound that our La9.56(SiO4)6O2.33 material exhibits a bulk con-
uctivity which was double the La9.6(SiO4)6O2.4 compound
σbulk = 0.6× 10−3 S cm−1 at 500 ◦C).

Fig. 11 shows bulk ionic conductivities (in a typical
rrhenius-type plot) of our apatite materials and of pure
ttria stabilized zirconia (YSZ).1 La9.56(SiO4)6O2.33 composi-
ion presents a higher bulk ionic conductivity than traditional
SZ electrolyte in this temperature range (200–500 ◦C). Such
aterial could become very attractive as an ionic conductor8,26

or SOFC device.

. Conclusion

We have developed a new fast and low-temperature method to

ynthesize pure La9.33+x(SiO4)6O2+1.5x lanthanum silicate oxya-
atite materials. The formation of La2Si2O7 secondary phase,
hich forms by a chemical reaction between LaO(OH) and
iO2, can be completely eliminated by keeping La2O3 reac-
eramic Society 28 (2008) 2717–2724 2723

ant in dry atmosphere and putting the powder mixture into
furnace preheated at 450 ◦C. Using this process, the for-
ation of the LaO(OH) intermediate phase was avoided and

ure La9.33(SiO4)6O2 and La9.56(SiO4)6O2.33 apatite phases
ere synthesized at a much lower temperature (1200 ◦C) than

hat used in conventional powder solid-state synthesis routes
typically 1500–1600 ◦C). Thus, more reactive particles were
btained after calcination which enhanced the densification
fter further sintering. Moreover, the hypothetical composi-
ions like La9.33+x(SiO4)6O2+1.5x (x > 0) were corroborated by
he fabrication of these two different materials with characteris-
ic properties. The limit La10(SiO4)6O3 composition is actively
nvestigated and some authors7,8,11 reported that this phase
ould exist but such a composition remains suspicious and is
btained with a great amount of secondary phases.5

We have shown that the bulk conductivity of the sintered
a9.56(SiO4)6O2.33 body was much higher at 500 ◦C, than that
f La9.33(SiO4)6O2 sample and than traditional YSZ oxide
on conductors. Accordingly, we confirmed that the existence
f oxide ions excess into the structure has an important role
or high ionic conductivity. Moreover, this conductivity may
mprove the more, the more that the oxide ion excess accepted
y La9.33+x(SiO4)6O2+1.5x structure can be increased (x > 0.27).

Further investigations will be the direct use of these pure
xyapatite powders synthesized at low temperature, in plasma
praying or tape casting processes in order to manufacture a
OFC. The investigation of the oxide-ion conduction mech-
nisms using the bond valence method and defect energy
alculations in lanthanum silicate oxyapatite phase is also in
rogress.
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