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Abstract. Apatite-type lanthanum silicates show a great potential to be used as
an electrolyte for intermediate- to low-temperature (600-700 °C) solid oxide fuel
cells (ITSOFC). However, so far these materials need to be prepared using a very
high-temperature method, thus there is a growing interest to prepare apatites at
lower temperatures. This paper reports the synthesis of undoped Lag 33SigO,6 and
doped apatites (LagCaSigOz65 LagSrSigOzss, and LagBaSigOss) from raw
materials La,Os;, Na,SiO4, BaCOz;, CaCOz, and SrCO; using a hydrothermal
method. The polycrystalline apatites were obtained as a white powder, after the
basic solution of the reagent mixture was heated at 240 °C in an autoclave for 3
days. Le Bail refinement of the X-ray powder diffraction data showed that the
compounds have a hexagonal cell (P 6s/m space group). In this paper, the
undoped Lag33SisOz and La-doped apatite ionic conductivities are also
presented.

Keywords: Apatite; doped apatite; hydrothermal; ionic conductivity; LagssSigO; P
63/m space group.

1 Introduction

Oxygen ionic conductors are materials of humerous great potential applications
in devices such as sensors [1], oxygen pumps [2] and fuel cells [3]. Recently, a
range of rare-earth apatite materials have been proposed as alternative solid
electrolyte materials, following the exciting discovery of fast oxide-ion
conductivity in silicate-based systems [4]. Apatite-type lanthanum silicate oxide
materials have the general formula Lagss«x(Si04)eO243x2. They consist of an
isolated SiO, tetrahedral with the lanthanum cations located in two cavity sites,
one with 7 coordination numbers and the other with 9 coordination numbers.
The extra oxygen atoms occupy channels running through the structure that are
responsible for the high oxygen ion conduction [5].
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Various synthetic methods have been used to prepare apatite-type materials,
such as solid state reaction, sol-gel processing and mechanical milling. High-
temperature (> 1350 °C) solid state reaction is the most commonly used method
[6]. There is a growing interest in preparing apatites at lower temperatures [5].
Low-temperature methods such as mechanical milling [7], sputtering [8,9],
plasma spraying [10,11] and sol-gel processing [12] have been applied
successfully for the synthesis of oxyapatites. Hydrothermal treatments have also
been used to synthesize isostructural apatites, i.e. hydroxyapatite [13], and
terbium and lanthanum silicate apatite [14].

Among the synthesis methods to prepare solid oxides, hydrothermal methods
have many advantages over other fabrication techniques. They give solid oxides
with high homogeneity and purity at a much lower reaction temperature [14,15].
It is also noted that the preparation of terbium and lanthanum silicate apatite
prepared with a hydrothermal method still yakes a long time to complete (168 h
at 230 °C). It would be of great advantage if the apatite can be prepared at a
lower temperature, in a shorter time, and with high reproducibility. It is also of
great importance to find a proper precursor for apatite synthesis through a
hydrothermal process at low temperature. The application of a hydrothermal
method to prepare doped lanthanum silicate apatites has never been done
before. The modification of the apatite composition by introducing dopants is a
common route to obtain an apatite with the desired characteristics. The latter is
important since, in general, the search for the best electrolyte in the apatite
system is carried out using a doping strategy.

This paper reports the preparation of Lag33SisO, and doped lanthanum silicate
apatite using hydrothermal methods from various precursors. The structure and
microstructure of the obtained material were investigated by X-ray powder
diffraction and scanning electron microscope (SEM) measurements. Oxide ion
conductivity of the apatites was also measured and analyzed.

2 Experiment

High-purity La,O3 (Aldrich, 99.999%), Na,SiOs (Sigma, 97%), BaCO; (Aldrich
99,98%), CaCO; (Aldrich 99,995%), and SrCO; (Aldrich 99,995%) were used
to prepare apatite-type phase LagzsSigOz, LagCaSisOsss LagSrSigOsss, and
LagBaSigO2s. A NaOH 3 M solution was used in the preparation of these
apatites as mineralizer. The La,O3 was pre-calcined at 1100 °C for 12 h in order
to achieve decarbonation. In a typical experiment for preparing Lagz3SicO2, a
stoichiometric weight of La,Os; (3.2330 ¢g) and Na,SiO; (1.5581 g) were
thoroughly mixed and added to the NaOH solution, after which the mixtures
were transferred into a stainless steel autoclave (302 AC Bombs Parts 105 mL)
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until 60 % volume of the autoclave was occupied. After being heated at 240 °C
for 3 days, the precipitate was collected by filtration and washed with
demineralized water. The resulting powder was dried at 120°C. The powder X-
ray diffraction (XRD) of the apatite was measured with a PW 3373 PANalytical
using Cu-K, radiation. The elemental analysis was carried out by XRF
measurement. lonic conductivity was measured using an LCR meter (Agilent
E4980A) at 175-500 °C and a frequency range of 20 Hz — 2 MHz on the pellet
sample that was obtained by applying 6000 kg cm™ pressure, followed by
sintering at 1100 °C for 12 h and at 1600°C for 3 h.

3 Results and Discussion

The XRD patterns of the Lag33SisO6 powder, obtained through a hydrothermal
process followed by heating at various temperatures, are shown in Figure 1.
There was no change in the XRD diffraction pattern of the apatite powder after
being dried at different temperatures, although the peaks became sharper in the
diffractogram of the sample that received heat treatment at higher temperatures.
The Lag33SisO phase has been identified in the powder which was dried at
120°C. This means that the Lags3SiO2 phase has been formed during the
hydrothermal process, and calcination at higher temperature increased its
crystallinity. According to the analysis of the XRD data using the Le Bail
method, the synthesized Lag 33Sis0,6 adopts the P 63/m space group.
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Figure 1 XRD pattern of Lag33SisO synthesized by a hydrothermal method at
240 °C for 3 days, dried and heated at (a) 120 °C for 24 h, (b) 1100 °C for 17 h

and (c) 1600 °C for 3 h; hkl indicates the possible Bragg reflections of the apatite
phase.
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Figure 2 XRD patterns of apatites (a) LagssSigO2 (0) LagCaSigOzs (C)
Lageri6025A5 (d) and LagBaSi5026.5.

The lattice parameters of Lag33SigOz oObtained from the refinement of XRD
patterns of the apatite sample after sintering at different temperatures were
similar, indicating that the structure was stable. The lattice parameters of our
sample after sintering at 1600°C were a = b = 9.7308(4), and ¢ = 7.1923 (3) A,
and these values are in a good agreement with the reported data [16]. Elemental
analysis (XRF) gave the formula of the synthesized apatite to be Lags0SisO26.39
approximately, which is very close to the expected formula (LagzsSicOz).
Composition of lanthanum in the apatite was slightly higher than that expected
from the starting material, however the difference is still within the
measurement error range (Laogse + o1s2). XRF analysis also gave a Na
composition of 1,6 £ 0,097, as a result of partial substitution at the La site; a
similar observation was also reported in the literature [14]. Following the XRD
and XRF analysis as described above, we concluded that the Lag 33SisO4¢ apatite
had been formed. In addition, the XRD patterns of the doped apatites are similar
to those of LagssSicOz (Figure 2), indicating that reaction conditions of
Lag33SisO26, have been successfully applied to prepare doped apatite. The unit
cell parameters of the doped apatites are given in Table 1. The unit cell
parameters, as expected, increase as Ba substitutes La, Ba?* cation is larger than
La* (r Ba* = 1.52 A and r La* = 1.24 A Coordination Number (CN) = 7).
Calcium doping, on the contrary, leads to a contraction of the cell volume (r
Ca* =1.20 A CN7). Strontium (r Sr** = 1.21 A, CN7) doping gives an increase
in the ¢ parameter and a decrease in the a-axis parameter, and a smaller cell
volume than that of the parent apatite. This result is in good agreement with the
previous studies on strontium doped apatite [17].
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Table1 The unit cell parameters (hexagonal cell) for undoped and doped

apatites.

Composition a=b (A c(A) Cell volume (A?)
LasCaSisOys 9.694(1) 7.180(1) 584.358(9)
LagSrSisOss:s 9.718(1) 7.193(1) 588. 257(1)
LagBaSisOys: 9.730(1) 7.197(1) 590.076(5)
Lag 33Sis0z6 9.722(1) 7.188(1) 588.458(2)

A secondary phase was found in the apatite, which was identified as La,SiOs, as
can be seen from its characteristic peaks around 20 = 15° and 44°. This phase
was also observed in the sample prepared by solid state reaction [16] and sol gel
processing. The thermodynamical La,SiOs phase is more stable than the
Lag33SisO46 apatite below 1600 °C [16], therefore La,SiOs phase is often found

in the product of apatite synthesis.

Figure 3 Micrograph of Lag33SigO,6 phase dried at (a) 120 °C for 24 h and
sintered at (b) 1100 °C for 17 h and (c) 1100 °C for 12 h then at 1600 °C for 3 h.
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Figure 4 Micrograph of apatites (a) LagzsSicOz (b) LagBaSigOzs (C)
LagSrSisO,65 and (d) LaygCaSigOye5 after being sintered at 1100°C for 12 h then
at 1600°C for 3 h.

SEM micrographs of Lag33SigO apatite phases prepared by a hydrothermal
method and sintered at different temperatures, are shown in Figure 3. As the
sintering temperature was increased from 120 to 1600 °C, the grain size of
Lag33SigOy6 increased from about 1 um (Figure 3a) to about 4 um (Figure 3c).
This is consistent with the fact that the XRD diffractogram of Lag33SisOas
sintered at 1600 °C has sharper peaks than that of Lagz3SicOys Sintered at other
temperatures. High temperatures (> 1600 °C) are needed to make a dense
sample, while sintering at lower temperatures (1100 °C), even for a longer time
(17 h), does not result in a dense apatite. It has been reported frequently that
dense sintered lanthanum silicates are difficult to obtain using solid state
reaction [16] and sol gel methods [12]. SEM micrographs (Figure 4) show the
existence of significantly different features in the microstructure of the dense
pellet depending on the composition. In Figure 4a, the undoped apatite
(Lag33SisO46) exhibited a larger grain size and higher porosity than that of the
doped apatites. Doping of apatites increases the degree of compactness of the
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pellet and decreases grain size. The relative densities and average grain sizes of
these apatites are reported in Table 2.

Table 2 Relative densities and grain sizes of undoped and doped apatites.

Composition Relative Density (%) Particle size (um)
LagCaSigOy 5 96,4 2,5
LagSrSi5025,5 77,2 2,6
LagBaSigOy 5 84,1 3,3
Lag 33SisO0g 82,5 3,4

The Nyquist plot obtained at 300 °C for Lag33SicO2s apatite is presented in
Figure 5. The complex impedance plots of Lag33SisOs were similar to the
impedance plots of Lag33SisO (at 310 °C) obtained by solid state reaction
[16]. Both almost have the same shape but are different in their grain boundary
response. The plot shows three semicircles: the high-frequency region
corresponds to the bulk response, whereas the medium-frequency region is
related to the grain boundary contribution, and the low-frequency region is due
to the electrode interface contribution.
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Figure 5 Complex impedance plots of Lag 33SisO, compound at 300°C.

An Arrhenius plot of the total ionic conductivity of Lag33SisO26 phase sintered at
1600°C for 3 h is shown in Figure 6. This apatite has a total conductivity of 2.9
x 10" S cm™ at 500 °C; this value is comparable to the reported conductivity
value of Lags3SisO,s Synthesized by solid state reaction [16]. A different
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synthesis method could give a slightly different conductivity value, as reported
previously [18]. The conductivity of doped apatites increases from
LagCaSigO265, LagSrSigOzs5, t0 LagBaSisOz6s (Table 3). These results also
highlight the influence of the dopant size (as dopant size increases from Ca, Sr
to Ba) on the apatite; the doped apatites had lower conductivity compared to the
parent compound. Similar observation results have been reported for doped
apatites prepared by using a solid state technique [19]. The best conductivity at
500 °C is observed for the barium doped apatite (2.53 x 10* S cm™ at 500 °C),
followed by the strontium and calcium doped apatites.

Table 3 Conductivities and activation energies of undoped and doped apatites.

Activation energy (eV)

Composition %889 gig\ggfa)t (low temperature/high
temperature slopes)
LagCaSigOys:5 1.38 x 10 0.80
LagSrSigOzs.5 2.07 x 10 0.81
LagBaSigOys:5 2.53 x 10 0.78
L9.33S16026 2.95 x 10 0.49/0.83
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Figure 6 Arrhenius plot of the ionic conductivity of Lag 33SisO,6 phase, sintered
at 1600 °C for 3 h. The insert is a zoom of the five highest temperature plots.

The activation energy of Lag33SisO2, E, significantly decreases from 0.83 eV
below 425 °C to 0.49 eV above 425 °C. It has been concluded previously that in
apatite oxide materials, an activation energy below 1.1 eV indicates that the
ionic conduction arises from the migration of interstitial oxide ions [18]. In our
samples, the activation energy is less than 1.1 eV at a temperature range of 200-
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500°C, which means that interstitial oxide ions are responsible for the
conductivity. Since there are no changes in cell symmetry observed in these
apatites, it is believed that the higher E, at low temperatures is due to defect
trapping at low temperatures [20]. The distance between the lanthanum and the
oxygen ion increases as the temperature increases, causing decrease in the
electrostatic force which in turn makes the conducting ions flow through the
channel more easily. A similar change in activation energy has been observed
previously in studies of dense Lags3:xSigOz6+3x2 [6] and Lags3ixSig.yC0yOz:+7
[21] pellets.

4 Conclusion

Apatite-type phases Lag23SicO2 and doped lanthanum silicate apatites have
been prepared successfully using a hydrothermal method from La,Os, Na,SiO,,
BaCO;, CaCO; and SrCO; The formation of apatite phase during the
hydrothermal process took a much shorter time (72 h) than during similar work
reported by Ferdov (168 h). The SEM studies show that doping of apatites
increases the compactness of the pellet and decreases grain size. However, to
get a dense pellet from these apatites, sintering at 1600 °C is needed. The ionic
conductivities in these samples are comparable to samples that were prepared
by solid state reaction and sol-gel methods.
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