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ABSTRACT

New bismuth oxyapatite L3, ,Bi ,(SO,),0, has prepared by the solid-
state reaction. X-ray diffraction, FTIR spectroscopy, Raman scattering
spectroscopy and SEM-EDS techniques have been used in the
characterization of this sample. The average crystalline size has been
calculated using the Scherrer formulaand it isfound to be ~37 nm.

Impedance analysis indicated the negative temperature coefficient of
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resstance (NTCR) behaviour of La, ,Bi, (SO,),O,. Theionic conductivity
isequal to 1.46x10* S.cm™ at 973 K with activation energy of 0.84 eV.
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INTRODUCTION

Solid OxideFud Cdls(SOFCs) arepromisingsolid
devicesfor thee ectrochemical conversion of afud di-
rectly into electrical power. Recently, apatite-typesili-
cates have been considered as promising el ectrolytes
for SOFCsexhibiting asignificant oxygenionic con-
ductivity and moderatethermal expansion’*¥ and have
been dsoalow activation energy and excel lent stability
over awideoxygen partial pressurerange”®.

Silicate oxyapatites, with general formula
Me (SO,)0O, (space group P6./m), where Meisa
metd such asrareearth or dkaineearth, arebuilt up of
isolated SIO, tetrahedrathat share oxygenswith Me
polyhedratoform arigid network. Inthese compounds,
O (5) oxideions, occupying the centre of one-dimen-

sional channelsrunning along the c-axis, arerespon-
sibleof ionic conduction. Mecationsarelocatedin 7
and 9 coordinated sites, labeled Me and Mg, sites,
respectively.

Inthe present work, theLa, , ,Bi (SIO,) O, mate-
rial has synthesized by solid-state reaction. Thestruc-
turd characterization of prepared materid hasbeen per-
formedwith XRD, FTIR, Raman and SEM-EDStech-
niquesandionictrangport studieslike, conductivity and
therelaxation behavior through impedance measure-
mentsto develop the better property solid e ectrolyte
for intermediatetemperature solid oxidefuel cdll (1T-
SOFC) applications.
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Samplepreparation

La, .Bi ,(S0,).0, apatite has been synthesized
usingthesolid-gtatereaction. Thestarting materidswere
S0, (99.99 %), La,0,(99 %) and Bi,O, (99 %). Sto-
ichiometric amountsof reactantshavebeenhestedina
covered platinum crucibleat 1173 K for 24h and at
1523 K for 24h withintermediate grindings.

Sructural characterization

X-ray diffraction (XRD) patterns have been re-
corded withaBRUKER D8-advance diffractometer
usingthe CuK a radiation (A= 1.5406 A). Thecrystal-
line phaseshave beenidentified using the International
Centrefor Diffraction Data(ICDD) powder diffraction
files. Cell parameters have been refined with the
FULLPROF program.

Fourier transformed infrared (FTIR) spectrahave
been obtained withaBRUKER spectrometer, inthe
4000-400 cnmr range, using the KBr pell et technique.
Raman spectrahave been recorded at room tempera-

turein thespectral range 100-1200cm™' inaDILOR
XY spectrometer equipped with a CCD detector and
a Spectra PhysicsAr laser (excitation at 514.5 nm).
SEM images and X-rays Energy Dispersion spectra
(EDS) have been obtained using ascanning electron
microscope (SEM) (FE™/NOVA NANOSEM 230).

Electrical measurements

Electrica conductivity measurementsof thesamples
have been performed using an automaticaly controlled
HP4192A analyzer working at 120 frequencies, |og-
scaled between 5 Hz and 13 MHz. In electrical mea-
surements, asinusoida signal of 50 mV hasbeen used.
High temperature measurements have been performed
between 673 K and 1073 K under air atmosphere.
Powders have been pressed under 5 tons.cm?2and sin-
tered at 1523 K. Electrodes have been prepared by
pai nting a Pt paste on both sides of the sintered pellet
surfaces, which have been then heated at 1028 K to
ensure good el ectrical contact.
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Figurel: (a) XRD patternsand (b) Rietveld refined patternsof La,, Bi (SO,).O, oxyapatite
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RESULTSAND DISCUSSIONS

X-ray diffraction

The X-ray patterns of the synthesized
La, ,Bi ,(SIO,) O, are shown in Figure 1a. All the
present lineshave beenindexed inthe hexagonal sys-
tem (spacegroup P6, (173)). Thelattice parameters of
the sample have been found to be a=9.7247 1, c =
7.1904 (1, and V = 508.875 2.

Thestructurad refinement of thelL g, Bi (SO,),0,
has been carried out using the Rietveld method. The
fitting of the XRD patterns of the sampleisshownin
Figurelb.

It can be seen that the profiles for observed and
cdculated oneare perfectly matchingwhichiswell sup-
ported by the value of y? (= 1.48).

The crystal data and refinement factors of
La, .Bi ,(S0,),0, obtained from XRD dataare de-
picted in TABLE 1. The average crystallite size of
La, ,Bi, (SIO,),0, material calculated using the

TABLE 1: Detailsof the Rietveld refinement of the X-ray
powder diffraction patternsof L a, ,Bi .(SO,),0,oxyapatite

Formula L ag13Big2(Si04)s02
Space group symmetry hexagonal P6;
Formula units per cell Z 1
units cell dimensions
a(A) 9.7247
c(A) 7.1904
R, 20.7
Rup 19.8
Rs 5.541
Re 5.464
12 1.48
u, v, w 0.021856, -0.010750, 0.003578

Scherer’s formula, have been found to be ~37 nm.
Vibrational infrared and raman spectra

ThelR spectrumof theLa,  Bi (SO,) O,sample
isshownin Figure2a. Theband assignment issumma:
rized in table 2, according to the literature®Y. The
bands at 994-880 cmrt and 545-412 cmtranges are
attributed to the stretching (symmetricv_and antisym-
metricv_) and bending (symmetric §_and anti symmet-
ricd_) vibrational modesof isolated SiO, tetrahedra,

—= Pyl Peper

respectively. The absence of bands at 3572 and 630
cm'l, corresponding to stretching and libration modes
of OH groups, provesthat synthesized sampleisnot
hydroxyapatiteZ.

The Raman spectrum of theLg, . Bi ,(SO,) O,
sampleisgivenin Figure2b. Theobserved mgor bands
can be assigned to their corresponding modes based
on therelated silicate apatites**19. The Raman spec-
trum can bedivided into two clearly differentiated re-
gions, above and below 280 cmt. The Raman peaks
above 280 cm* can be assigned to internal modes of
thetetrahedral SO, units. Theintenseband at 386 cm*
can be assigned to the symmetric bending mode 5_ of
the SO, group and the one at ~ 520 cm™* to the
asymmetric bending moded_. Theintenseband a 855
cmisduetothesymmetric stretchingmodev, of SO,
tetrahedra. The weak band at ~ 930 cmr? can be at-
tributed to the asymmetric stretching modev . These
bands confirm the presence of isolated orthosilicate
groupsin the prepared material. The band positions
arelistedin TABLE 2.
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Figure 2 : (@) FTIR and (b) Raman spectra of
La, Bi (S0,0,oxyapatite
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TABLE 2: Assgnments(cm™) of FT-IR and Raman spectraof La,, Bi (SO,),O, oxyapatite

Infrared spectrosco Raman spectrosco,
Compound L by ¥ By
Vs 0s Vas 0as Vs 0s Vas 0as
L&y 13Big2(Si04)60> 881 412 915-992 546-501 855 386 930-975 520
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Figure3: EDSspectrumand SEM micrographof La,, Bi ,(SO,),0,0xyapatite

SEM-EDSanalysis

Fig.3. showsthe EDS patterns and SEM micro-
graph (inset) of La, ,,Bi ,(SO,) O, sample. Thepesks
have perfectly assigned to the present e ementsin our
sample. SEM-EDS results confirm the formation of
exact composition of La, .Bi ,(SIO,),O,. Irregular
shaped grainsof unequa sizesdistributed throughout
the sampleand formation of bigagglomerates, areclearly
visibleinthe SEM-micrograph. Thetheoretica density
obtained from thel attice parametersis~5.34 g.cm3.

Electrical characterization

Figure 4 shows complex impedance spectra
(Nyquist diagrams) of La, .Bi,(S0O,),0, sampleover
awide range of temperatures. There are two semi-
circlesineachimpedance spectrum with different fre-
guencies corresponding to grain boundary R, and bulk
(grain) R.. Theresistanceof bulk and grain boundary
could directly be obtained from the intercept on the
Z’axis. The total resistivity of the electrolyte is given by
R = (R) + (R,). Bulk conductivities o, and grain
boundary conductiviti eso,, va ueshavebeen estimated

withtherdation:

o= (/R S. whereR (j=bulk, grain boundary) is
the resistance deduced from impedance diagrams, S
and [ aretheareaand thethicknessof pellet, respec-
tively. Itisdifficult to distinguish thebulk resitanceand
the grain boundary resistance above 1023 K.

Thetota resistance decreaseswithriseintempera-
ture. Thus, thetotd eectrica conductivity of themate-
rial increaseswith theriseintemperature. Thisbehav-
ior of materialsisana ogousto the negativetempera
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Figureé_l: Nyquist diagrams(-Z” vs. Z’) of La, Bi (SO,),0,
oxyapatlte
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Figure5: (a) Arrheniusplot and (b) Frequency dependenceof
theimaginary parts(Z”) of La, Bi (SO,).O, oxyapatite
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turecoefficient of resstance (NTCR) observedin semi-
conductors.

Theconductivity (Figure5a) isclearly thermdly ac-
tivated and followstheArrheniusreation:
c.T=Aexp (-E/KT)
whereA isthe pre-exponentia factor (whichisrelated
totheeffectivenumber of mobilespedes), k Boltzmann’s
constant, T thetemperature and E, the activation en-
ergy.

Thetemperature dependence of tota conductivity
forLa, .Bi (S0,),0, (Figure5a), demonstrating a
s ngleconduction mechanismfor thetota conductivity,
dueto absence of apparent curvatureintheplot.

Activation energy evaluated from the slope of
Ln(cT) versus 1000/ T curve is 0.84eV. The
La, ,Bi (SI0,).0,pellet sintered at 1523 K exhib-

= Pyl Paper

ited theionic conductivity 1.4610* S.cm* at 923 K,
which is better than obtained in the stoichiometric
sampleBa,LaBi (Si0,),0, (c=1.37 10°)*. But, it
is lower than 2.4 10* S. cm? reported for the
LaBi (SiO,)0, electrolyte at the same tempera-
ture®, Indeed, the non-stoi chiometric (cation vacan-
Ccies or oxygen excess) apatites show much higher
conductivity than thefully stoichiometric (both cations
and oxygen) apatites. Thisphenomenonisduetothe
fact that theoxygenion migrationinthefully stoichio-
metric apatitesisviaavacancy mechanism, whilefor
thenon-stoichiometriconesisviaaninterstitial mecha-
nismi9,

Figure 5b showsthevariation of theimaginary part
of impedance (Z”) with frequency at different tempera-
tures. Thepeak at lower frequency event hasbeenre-
lated to bulk whilethe higher frequency event hasbeen
related to grain boundary. The plots show that the Z”
vauesreachamaximum (2~ _ ) andthevaueof Z”
shiftsto higher frequencieswith increasingtemperature,
indicating that the net rel axation timeisdecreas ngwith
thetemperatureincrease. But some peskshavenot been
found at high temperatures (Te>1023 K) which indi-
catesanegligibleof bulk contribution. Thesignificant
broadening of the peakswith rising temperature sug-
geststhe presence of atemperature-dependent el ectri-
cd relaxation phenomenoninthesample.

Theasymmetric broadening of the peaks suggests
thepresenceof eectricd processinthematerid witha
spread of rel axation time?°24,

CONCLUSION

La,,.,Bi,(S0,),0, oxyapatite has been prepared
by solid state reaction at high temperature. XRD con-
firmed theformation of oxygpatitephasecrystdlizingin
the hexagond system (space group P6, (173)). FTIR
and Raman sectroscopies confirmed the formation of
isolated SIO, groups. SEM-EDSresults confirm the
formation of composition of bismuth lanthanum silicate
apatite.

Theanalysisof eectrical propertiesindicatesthat
thematerial exhibits (a) conduction dueto bulk and
grain boundary effects, (b) negativetemperature coef-
ficient of resistance (NTCR)-type behavior usualy
found in semiconductorsand (c) temperature-depen-
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dent rel axation phenomena. Thetotal conductivity and
theactivationenergy at 973K are 1.4610* S.cm*and
0.84 eV, respectively.
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