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Abstract

A complex impedance of oxyapatites Ca2−xBaxLa4Bi4(SiO4)6O2 (0≤x≤2) prepared by solid state reaction has been investigated. The formation
of apatites has been checked by X-ray diffraction, FTIR, Raman and 29Si MAS-NMR techniques. The electric impedance data indicate that
relaxation phenomena are strongly dependent on temperature in the 923–1048 K range. The bulk resistance decreases with increasing
temperature, showing a typical negative temperature coefficient of resistance (NTCR). ac-Conductivity measurements have been performed on a
wide range of frequencies and temperatures. The complex modulus plots have confirmed the presence of bulk contributions. The complex
impedance analysis suggests the presence of non-Debye relaxations that would be associated with correlation on ions motion.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

At present, the finding of new solid electrolytes for Intermediate
Temperature Solid Oxide Fuel Cells (IT-SOFCs) conditions
efficient and cheap energy production. Among the most techno-
logically promising ionic conducting electrolytes, ceramic samples
with apatite-type structure fulfill most of the IT-SOFCs device
requirements, working in the temperature range from 873 to
1073 K [1–11].

Oxyapatites, with general formula Me10(XO4)6O2 (space
group P63/m), are based on isolated XO4 tetrahedra that share
oxygens with Me polyhedra to form a rigid network. In these
compounds, O (5) oxide ions, occupying the center of one-
dimensional channels running along the c-axis, are responsible
of ionic conduction. Me cations are located on 7 and 9
coordinated sites, labeled respectively MeI and MeII sites.
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The apatite's structure can tolerate an appreciable number of
structural defects, vacancies and interstitial atoms, varying the
electrical properties appreciably with cation doping.
It should be pointed out that so far, there has hardly been

extensive literature on apatites containing Bi3+. Two leading
syntheses are to be mentioned; one by Huang et al. [12] and the
other by White et al. [13]. Both of them held the belief that due to
the presence of 6s2 lone pair of electrons, Bi3+ substitution leads to
a distortion in the Ca site, resulting in three different Ca sites,
Ca(1), Ca(2) and Ca(3). This results in the loss of mirror plane and
the space group thus changes from ideal P63/m to P63. Similarly,
the phosphate analogs Ca8Bi2(PO4)6O2 and Ca8La2(PO4)6O2 have
been reported more recently [14].
In apatite-type silicates, Eu3+ luminescence has been used as

a local structure probe in understanding the preferential
occupancy of Bi3+ in the irregular hexacoordinated CaII site
[15,16]. More recently, new bismuth calcium silicon oxide,
Ca4Bi4.3(SiO4)(HSiO4)5O0.95, with an apatite structure has
been synthesized and its structure has been refined [17].
ghts reserved.
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However, no systematic study has focused on the ionic
conductivity in Bi3+ containing apatite-type silicates to our
knowledge.

Complex impedance spectroscopy is a well-established
method to investigate electrical properties of materials. This
technique offers enormous possibilities to investigate the
electrical and electrochemical properties of materials. Thanks
to this technique, the study of relaxation phenomena, and the
resolution of bulk, grain boundaries and electrode–electrolyte
interface contributions are often produced.

In this work, Ca2−xBaxLa4Bi4(SiO4)6O2 (0≤x≤2) oxyapa-
tites have been prepared by solid state reaction as a first step.
Then, the structural characterization of prepared materials has
been performed with XRD, FTIR, Raman and MAS-NMR
techniques. Finally, oxygen conductivity and electrical proper-
ties of these oxyapatites have been investigated by complex
impedance spectroscopy.
2. Experimental

2.1. Synthesis

The oxyapatites Ca2−xBaxLa4Bi4(SiO4)6O2 (0≤x≤2) have
been prepared by solid state reaction, using high purity SiO2

(99.99%), CaCO3 (99%), La2O3 (99%), BaCO3 (99.9%) and
Bi2O3 (99%) powders. Stoichiometric amounts of reactants
have been ground and heated in covered platinum crucibles at
1173 K for 24 h and at 1523 K for 24 h.
2.2. Experimental techniques

X-ray diffraction (XRD) patterns have been recorded with a
Bruker D8-advance diffractometer using Cu Kα radiation
(λ¼1.5406 Ǻ). X-ray diffraction data have been collected over
the 101–601 2θ range with a 0.021 step and at regular intervals
of 12 s. The crystalline phases have been identified using the
International Centre for Diffraction Data (ICDD) powder
diffraction files.

Fourier transformed infrared (FTIR) spectra have been
obtained with a Bruker spectrometer, in the 4000–400 cm−1

range, using the KBr pellet technique. Raman spectra have
been recorded at room temperature in the spectral range 100–
1200 cm−1 in a Dilor XY spectrometer equipped with a CCD
detector and a Spectra Physics Ar laser (excitation at
514.5 nm).
Table 1
Unit cell parameters of Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.

Ba content (x) 0 0.5
a (Å) 9.635 9.648
c (Å) 7.125 7.143
V (Å3) 384.056 386.111

Crystal system Hexagonal
Space group P63
The 29Si MAS-NMR spectra have been recorded at
79.49 MHz, using a Bruker MSL400 spectrometer (9.4 T).
The sample has been rotated at 10 kHz around an axis inclined
54.441 with respect to the external magnetic field (MAS
technique). NMR signals have been recorded after π/2 radio-
frequency pulse (5 μs) irradiation. Accumulations have
reached 100, each separated from its successor by 20 s. To
improve signal/noise ratios, a 100 kHz filter has been used.
Electrical conductivity measurements of apatite materials

have been performed using an automatically controlled
HP4192A analyzer working at 120 frequencies, log-scaled
between 5 Hz and 13 MHz. In electrical measurements, a
sinusoidal signal of 50 mV has been used. High temperature
measurements have been performed between 748 and 1073 K
under air atmosphere. Powders have been pressed under
5 t cm−2 and sintered at 1523 K. Electrodes have been
prepared by painting Pt paste on both sides of the sintered
pellet surfaces, which have been then heated at 1028 K to
ensure good electrical contacts. Conductivity values have been
estimated with the relation

s¼ l

RS
ð1Þ

where R is the resistance deduced from impedance diagrams
and S and l are the area and the thickness of pellets,
respectively.
3. Results and discussion

3.1. X-ray diffraction

Powder XRD patterns of prepared Ca2−xBaxLa4Bi4(SiO4)6
O2 compounds correspond to well crystallized phases. XRD
patterns have been fitted with the hexagonal unit cell (S.G. P63
(173)). XRD patterns have showed that all prepared samples
are single phases displaying the apatite structure. No peaks of
additional phases have been detected. Crystal data deduced
from XRD analysis are given in Table 1.
As shown in Fig. 1 and Table 1, lattice parameters are influenced

by the Ba content. The a and c parameters and unit cell volume (V)
increase with Ba2+ incorporation to the apatite (rBa

2+¼1.38 Å, rCa
2+

¼1.06 Å) [18]. The evolution of a and c unit cell parameters
follows a linear dependence, indicating the occurrence of a
continuous solid solution in oxyapatites network (Vegard's law).
1 1.5 2
9.673 9.726 9.779
7.172 7.237 7.323
389.685 397.494 406.593
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3.2. Vibrational infrared spectra

The assignments of infrared (IR) bands of pure oxyapatites
have been performed according to published literature
[16,19,20]. IR spectra displayed absorption bands between
966 and 870 cm−1 (symmetric and antisymmetric stretching
bands) and relatively sharp bands between 547 and 450 cm−1

(symmetric and antisymmetric bending vibrations) due to
isolated SiO4 tetrahedra. These bands confirm the presence
of orthosilicate groups in prepared materials. The broadness
observed in absorption bands can be ascribed to minor
distortions of SiO4 groups from the ideal Td symmetry [16].
The band assignment is given in Table 2.

One can note the absence of the characteristic bands of OH−

groups located at 3572 cm−1 (νS: stretching mode) and at
630 cm−1 (νL: librational mode) in IR spectra of oxyapatites.
The absence of bands at 1118 cm−1 and 846 cm−1, character-
istic of Si–O–Si bonds, confirms the absence of secondary
phases with disilicate structure [21]. These results confirm the
purity of the investigated samples.

3.3. Vibrational Raman spectra

Fig. 2 shows the Raman spectra for the Ca2−xBaxLa4Bi4
(SiO4)6O2 oxyapatites in the 100–1200 cm

−1 range. The observed
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Fig. 1. Variation of a and c unit cell parameters with the Ba content (x) in
Ca2xBaxLa4Bi4(SiO4)6O2 oxyapatites.

Table 2
Assignments (cm−1) of FT-IR and Raman spectra of Ca2−xBaxLa4Bi4(SiO4)6O2 ox

Infrared spectroscopy

Compound νs δs νas

Ca2La4Bi4(SiO4)6O2 870 – 937–966
Ca1.5Ba0.5La4Bi4(SiO4)6O2 870 – 933
Ca BaLa4Bi4(SiO4)6O2 870 – 928
Ca0.5Ba1.5La4Bi4(SiO4)6O2 870 – 916
Ba2La4Bi4(SiO4)6O2 870 450 910
major band positions can be assigned to their correspond-
ing modes based on the related silicate apatite samples in
literature [20,22–26]. The band positions are summarized in
Table 2.
The presence of isolated SiO4 groups is revealed by the

significant intensity of 842–851 and 900 cm−1 bands, associated
with symmetric (νs) and asymmetric (νas) stretching modes,
respectively. The bands appearing in ranges 364–391 cm−1 and
514–516 cm−1 are assigned to the symmetric (δs) and asymmetric
(δas) bending modes of SiO4, respectively.
The increase in the Ba2+ content induces small shifts of

Raman bands towards lower frequencies.
3.4. NMR spectroscopy

29Si MAS-NMR spectra of Ca2−xBaxLa4Bi4(SiO4)6O2

oxyapatites are given in Fig. 3. The corresponding data are
summarized in Table 3. NMR data are consistent with structure
of apatites, where isolated tetrahedral [SiO4]

4− units are
present [22,27–29]. In apatites, only one tetrahedral site is
present. Based on structural features of apatites' structures,
distortions of the SiO4 group are always small.
When barium ions are incorporated into the structure, a

systematic shift towards low frequencies and the broadening of
central components are often observed. The presence of more
yapatites.

Raman spectroscopy

δas νs δs νas δas

547–490 846 397–364 920 516
547–490 846 393–367 920 516
547–490 846 393–367 920 516
542–489 843 371 910 516
536–489 840 370 903 514
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Fig. 2. Raman spectra of Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.
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Fig. 3. 29Si MAS-NMR spectra of Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.

Table 3
29Si MAS-NMR chemical shifts in Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.

Ba content (x) δ (ppm)

0 −74.7
0.5 −74.7 −77.9 −87.2 −96.5
1 −74.7 −77.2 −87.2 −98.3
1.5 −74.7 −77.4 −87.2 −97.8
2 −74.7 −78.3 −86.6 −99.5
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Fig. 4. Nyquist diagrams (−Z′′ versus Z′) of Ba2La4Bi4(SiO4)6O2 oxyapatite.
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than one peak for some compositions indicates that not all
[SiO4]

4− units are chemically equivalent.
Take into account that structural refinements only indicate

the presence of one structural site for Si atoms, different
observed components should be ascribed to different chemical
environments around Si tetrahedra. The existence of a higher
amount of polarizing (La3+ or Bi3+) cations around Si
tetrahedra, that share oxygen with Si atoms, makes the position
of Si components shift to more negative values.

Different components detected in 29Si MAS-NMR spectra
are ascribed to Si environments with different amounts of
divalent Ca and Ba in MeI or MeII sites. The structural analysis
of oxyapatites shows that Si tetrahedra share oxygen atoms
with four MeII and three MeI cations. Take into account the
average charge provided by divalent cations at Me sites, the
most probable cationic environments around tetrahedra must
be (Ca,Ba)n(La,Bi)7−n, with n=1 and 2. Based on this
estimation, bands centered at −95 and −74/−78 ppm are
ascribed to (Ca,Ba)1(La,Bi)6 and (Ca,Ba)2(La,Bi)5 environ-
ments, respectively.

The analysis of spectra suggests that the intensity of the
−92 ppm component increases at intermediate Ca,Ba composi-
tions and disappears at two end members of the series. These
observations suggest that the substitution of Ca by Ba cations
increases considerably the cation disordering at intermediate
compositions. This point would be discussed later on when
variations on oxygen conductivity will be related to cation
disordering in oxyapatites.

3.5. Oxide ion conductivity

3.5.1. Complex electrical impedance analysis
Fig. 4 shows typical complex impedance spectra (Nyquist

plots) of Ba2La4Bi4(SiO4)6O2 oxyapatite over a wide range of
temperatures. The impedance spectra of the samples are
characterized by the appearance of a single semicircular arc.
This peak is attributed to the presence of single electrical
relaxation phenomena in materials under investigation [30].
The intercept of semicircular arc with the real axis gives an

estimate of the sample resistance. The absence of a second
semicircle in complex impedance plots suggests the dominance
of bulk contributions in the oxyapatites. Impedance spectra
were fitted satisfactorily with a parallel R-CPE circuit model.
As temperature increases, the radius of the arc corresponding
to the bulk resistance of samples decreases, indicating the
existence of activated conduction mechanisms. The observed
behavior of materials is analogous to the negative temperature
coefficient of resistance (NTCR) reported in semiconductors.
In all cases, resistance of bulk conductivity increases with the
rise in temperature.

3.5.2. ac-Conductivity
ac Conductivity measurement is an important tool for

studying the ionic transport properties of materials. When an
ac electric current passes through the solid electrolyte, pro-
cesses like ion motion through bulk of the electrolyte, charge
transfer across the electrode–electrolyte interface, etc.,
take place.
Fig. 5(a) shows the variation of the ac conductivity (sac)

with frequency at different temperatures of Ba2La4Bi4
(SiO4)6O2. It is clearly observed that high and low frequency
regions can be separated by a change in slope for each
temperature. The frequency at which the slope of conductivity
changes is known as the “hopping frequency ωp.” It is
important to note that the values of hopping frequencies are
observed to go up with the increase in temperature. Fig. 5(a)
shows that sac decreases with decreasing frequency and
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becomes independent of frequency after a certain value. At
higher frequencies, the values of ac electrical conductivity
(sac) become closer, and are temperature-independent. The
frequency dependence of sac can be described by the Jonscher
universal power law: sacðωÞ ¼ sdc½1þ ðω=ωpÞn� [31], where
(sdc) is the dc conductivity obtained from the extrapolation to
zero frequency of the Ln sac versus Ln f curves, ωp is the
hopping frequency of the charge carriers, where sac(ω)¼
2sdc(0), and n is the frequency exponent, describing ion–ion
interactions in hopping process; i.e., the exponent n would be 0
for random ion hopping (absence of interactions) whereas it
tends to 1 for fully correlated ion motions [32,33].

The exponent n values are calculated by fitting the frequency
dependence of the isothermal conductivity data to the above
mentioned extended Jonscher-type expression (Fig. 5a). The
variation of n as a function of temperature can directly be related
to the existence of a range of relaxation processes and ion
diffusion mechanism in the network of the Ca2−xBaxLa4Bi4
(SiO4)6O2 oxyapatites. Hence, from impedance and power law
plots, it is observed that the frequency at which the Z′′ attains a
maximum and the frequency ωp at which relaxation effects begin
to shift to higher frequencies with increase in temperature.

Fig. 5(b) shows the Ln(sT) versus 1000/T plot of the Ca2
−xBaxLa4Bi4(SiO4)6O2 oxyapatites. It is clear that from the
slope plot that activation energy values, Eas, can be calculated.
The results listed in Table 4 show that, in most cases, single
Arrhenius plots are obtained. Fig. 6(a and b) shows the
variation in the bulk conductivity and the activation energy
as a function of the Ba-content. A maximum conductivity
appears for the x¼2 composition. This maximum corresponds
to the lowest activation energy.

The variation of the conductivity may be attributed to
entropy and enthalpy terms of the equation

s� T ¼ A exp
ΔS
K

� �
exp

ΔH
KT

� �
ð2Þ

Fig. 6(a) shows the conductivities of Ca2−xBaxLa4Bi4(SiO4)6O2

(0≤x≤2) at 923, 973 and 1023 K. At each temperature, an
increase of conductivity is observed. The conductivity values at
973 K and the activation energies for different compositions are
reported in Table 4. We may notice first the low conductivity of
the undoped apatite and the significant increase of conductivity
with Ba2+ doping on the Ca2+ site. The best conductivity and the
lowest activation energy are observed for the x¼2 composition
(1.37 10−5 S cm−1 at 973 K and Eas¼0.95 eV).
In stoichiometric oxyapatites, conduction mechanisms are

probably related to the translational hopping of O2− ions along
the c-axis, from ordinary lattice sites to interstitial sites, and
back again to structural sites. In general, O2− ions must be able
to move to other positions by the formation of thermally
actived Schottky defects with higher activation energies.
Fig. 7(a) shows the dependence of the imaginary part of

impedance (Z′′) of Ba2La4Bi4(SiO4)6O2 oxyapatite on frequency
at different temperatures. This peak shifts to higher frequencies
when temperature increases. It indicates a thermally activated
dielectric relaxation process and shows a progressive decrease
in the bulk resistance when temperature increases. These peaks
have not been detected at low temperatures, suggesting the
presence of weak current dissipations in the material or
relaxation frequency beyond the measurement window. The
significant broadening of peaks with rising temperature sug-
gests the presence of a temperature dependent relaxation
process. The asymmetric broadening of peaks suggests the
presence of some electrical processes in the materials that
spread relaxation times. This behavior is again due to the
presence of space charge polarizations at lower frequencies
disappearing at higher frequencies [31,34].
Indeed, at higher temperatures, the peak height representing

the relaxation shows a progressive increment with Ba content.
The impedance data are used to evaluate the relaxation time (τ)

of the electrical phenomena in the material using the relation

τ ¼ 1
ωmax

¼ 1
2Πfmax

¼ RC ð3Þ

where fmax is the relaxation frequency. The variation of τ with
temperature is shown in Fig. 7(b). These plots show a steady
increase in the relaxation time with rising temperature. This result
suggests the presence of temperature-dependent electrical relaxa-
tion phenomena in the material, possibly due to the migration of
species/defects. All the curves were found to follow the Arrehenius
relation,

τ¼ τ0exp
Eaτ

KT

� �
ð4Þ



Table 4
Summary of conductivity data of Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.

Ba content (x) s973 K (S cm−1) τ973 K (s) Eas (eV) Eaτ (eV)

0 1.79� 10−6 2.52� 10−6 1.19 1.17
0.5 3.11� 10−6 1.72� 10−6 1.02 1.04
1 1.15� 10−5 3.17� 10−7 1.08 1.06
1.5 1.07� 10−5 3.17� 10−7 1.13 1.15
2 1.37� 10−5 1.59� 10−7 0.95 0.90
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Fig. 6. (a) Variation of the conductivity as a function of Ba content (x). (b) Variation of the activation energy as a function of Ba content (x) in
Ca2−xBaxLa4Bi4(SiO4)6O2 oxyapatites.
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where τ0 is a pre-exponential factor, Eaτ is the activation energy,
k is the Boltzmaan constant and T is the absolute temperature.
Activation energies (Eaτ) estimated from the slope of the log (τ)
against 1000/T curve are given in Table 4.
4. Conclusion

Oxyapatites Ca2−xBaxLa4Bi4(SiO4)6O2 (0≤x≤2) have been
synthesized by the solid state reaction. XRD has confirmed the
formation of single apatite phases. FTIR, Raman and 29Si
MAS-NMR spectroscopies have confirmed the formation of
isolated SiO4 groups in analyzed samples.

Complex impedance spectroscopy, which has been used to
investigate the electrical behavior of Ca2−xBaxLa4Bi4(SiO4)6O2

(0≤x≤2) compounds, has shown that complex impedance
spectra inform about the possible contribution of bulk con-
tributions and temperature-dependent relaxation phenomena.
From the impedance spectroscopic plots, deviations from

Debye relaxations are detected in analyzed apatites. The
relaxation frequencies shift to a higher frequency side with
increasing temperature. The frequency dependence of ac
conductivity data follows the ‘universal’ power Jonscher's law in
analyzed apatites.
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