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ABSTRACT

Oxyphospho-silicateswith apatite structure Ca,, La, (SO,),, (PO,) O, were
synthesized by solid state reaction at high temperature. The obtained
material swere characterized by powder X-ray diffraction, infrared absorption
spectroscopy and Raman scattering spectroscopy. Electrical properties of
the materials have been studied by the complex impedance spectroscopy.
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The electrical conductivity measured in a wide range of temperature
increaseswith silicon content. For each composition, theionic conductivity
obeys the Arrhenius law. A mechanism of the oxide ion conduction is

proposed. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Apatitesaresolidinorganic compounds, represented
by thegenerd formulaMe, (XO,) A, they crystallize
inthe hexagonal system with the space group P6,/mf.
Theapatitestructure providesagreat capacity to form
solid solutionsand, particularly, to accept severd substi-
tutesfor example, themonovaentAioncanbeOH , F,
0%, CO.~..., the trivalent anion XO, can beAsO,?,
VQz2, CrQ,*, HPO,#, CO,%, SIO,*, SIO,N®. There
isno literatureinformation showing that vacanciescould
exist on this site. Me cations may be bivalent, or
monovaent or trivaent (Ba?*, Pb?*, K*, La®). Theapa
tite-like structureis characterized by the presence of
two typesof tunnel spermitting thelocation of two cat-
ionicsiteslabeled Me(1) and Me(11): four Me(l) are

at the centre of narrow tunnels (4f sites), six Me(I1)
around largetunnel s (6h sites) the centersof which are
occupied by A- anionslocated on the hexad axis (2a
sites). The coordination number of Me(l) Siteisnine,
whereasfor Me(ll), itisseven.

Because of themobility of Meand A ionsin such
compounds, investigationson dectrica propertieswere
performed. Several authorshave established acorre-
lation between structural propertiesand ionic conduc-
tivityl>4. Apatite materialshave attracted consider-
ableinterest for arange of applications, including elec-
trolytesfor solid oxidefue cdls(SOFC). Their electri-
cal propertieswerelargely studied. Recently, it was
found that some apatite-typerare earth silicates can
exhibit high oxide-ion conductivity>11.
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EXPERIMENTAL PROCEDURE

ApditepowdersCa,, La, (SO,), (PO, 0O, have
been synthesized by high temperature solid state reac-
tionusingstartingmateridsSiO,, CaCO,, (NH,),HPO,
and La,O, with defined proportions. The mixturewas
primarily heated upto 1173 K for 24h and cal cinated
at 1673 K for 6 h, according to thefoll owing reaction:
(2+x) CaCO, +4-(x/2) La,0, + (6-x) SO, +x (NH,),HPO,->
Ca, La, (SiO,),, (PO, 0,+2x NH,+ (2+x) CO,+3x /2
H,0
The X-ray diffraction were carried out by aBRUKER
D8-advancediffractometer using Cu Ka radiation (A=
1.5406 u). Cell parameters were refined with the
«celref» program. The Infrared (IR) spectra were re-
corded on aBruker spectrometer, inthe 4000400 cm’
range, usingthe KBr pellet technique.

The Raman spectrawererecorded usngaDILOR
XY spectrometer equipped with aCCD detector and
aspectraphysicsAr laser (excitation at 514.5 nm).

For dectrical properties, impedance spectroscopy
measurements have been performed after both sides of
thesintered disc were coated withAg paste. Themea-
surements have been madein thefrequency range5Hz—
13 MHz at different temperatures. The apparatus used
isaHewlett-Packard 4192A anayzer of impedance.

RESULTSAND DISCUSSION

Characterization
X-ray powder diffraction

TheX-ray diffraction patternsshow that Ca,, La,
(80, (PO, O, apatitescrystalizeinthe hexagond
system with the space group P6./m.

Thevariationsof theaand c parametersaregiven
in Figurel, Thedecreaseof aand c parametersare
attributed to the substitution of SO,* and La** ionsby
smaller PO,> and Ca?* ions (Si* (0.355 A), La®*
(1.032A), P> (0.17 A), Ca? (1.00 A))*4. Moreover,
the continuous evolutionsof aand c unit cell param-
etersfollow theVegard’s law. This indicates the occur-
rence of acontinuous solid solutioninsidethe defined
single-phase domain of oxyphospho-glicates.

Changesin pesk pogition and intengty are observed
because of the change in concentration of PO,* and
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Figure 1 : Variation of a and c unit-cell parameters of
Ca,La, (SO), (PO, O,oxyapatitesversusP content

TABLE 1: Latticeparametersand crydtallitesizeof Ca,, La,
(80, (PO,) O,oxyapatites

x[Pcontent] a(A) c(A) d(nm) Latticestrain (%)
0 9.661 7.126 2.855 5.735
1 9.630 7.102 2.844 5772
2 9.602 7.063 2.850 5.735
3 9.570 7.027 2.850 5.846
5 9.507 6.966 2.842 5.806
6 9.465 6.941 2.833 5.781

Ca*. By using somereflectionsof XRD pattern (widely
scattered in 2r), the coherently scattered crystalitesize
and lattice strain of the sampleswas cal culated from
the X’Pert HighScore software using Scherrer’s cal-

E‘::Z‘E); wheredistheaveragecrys-

talitesize, A isthewaveength of Cu-Ko radiation, fis
thefull width at half maximum of the diffraction peak
and r isthe Bragg diffraction angle. All the parameters
aregiveninTABLE 1.

Vibrational infrared and Raman spectra

Because of thesimilarity between thetetrahedral
groups SIO,* and PO %, itisdifficult to assign their
bands. Band assgnment wascarried out fromthestudies
related to the variousvibration modes of the different
apatiteg’=6l,

Theinfrared and Raman spectraof theCa,, La,
(80,),, (PO, O, oxyapatitesaregivenin Figure2 and
Figure 3, respectively. Someinteresting remarkshave
to be noted:
> The bands attributed to stretching and libration

modes of OH" ions at 3572 cm* and 630 cm™?,
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Figure 2 : IR spectra of Ca,, La,, (SO),, (PO, O,

oxyapatites
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Figure 3 : Raman spectra of Ca,, La,, (SO,),, (PO, O,
oxyapatites

respectively, were not detected, it provesthat the

prepared samplesdo not contain hydroxylsions.
> Theabsenceof theband at 850 cm?, attributed to

peroxideion (O,*)1*.
> BothIRand Raman spectracontinuoudy vary with

the substitution of SIO,* ionsby PO,* ions.
When al the silicate groups were replaced by phos-
phate groups, the IR spectrum exhibitsabroad band
between 1200 and 800 cnm formed by thevibrational
bandsv_ (920 and 967cm™*) and v, (870cm™) of SO,*
ions.

At lower frequencies, five bandswereassigned to
0., modes (493, 542, and ashoulder at 512 cm™) and
6_modes (404 and 456 cm™) of silicategroups. Inthis

frequency range, the 5_ modes of PO,* anions pro-
gressively gppear withincreasing PO, content whereas
thetwo bands at 456 and 493 cm? shift towards higher
frequency and finally the broad band at 419 cm? of
PO, appears.

Inthe IR and Raman spectra, thereative intensity
atributed of thebands assignedto PO, and SO, groups
agreeswiththe change of PO,/SIO, ratio.

Electrical properties

A typical example of complex impedanceplotis
showninFigure4for theCalLa(SO,) O, oxyapatite.
Thebulk responseisassociated withthesemi-circle
at high frequencies centered on theaxisrepresenting
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Figuer 4: Compleximpedancespectraof Ca,La(SO,),0,
oxyapatiteat different temperatures

=]

the real parts of the impedance. Impedance spectra
werefitted satisfactorily with aparalel R-CPE circuit
model and R was extracted.

Thebulk componentswere considered in order to
determinethe conductivity vauesnoteds. Thesevd-
uesarecdculaedwiththeformulac=-!/RS (R isthe
res stance obtained fromimpedance diagramsby inter-
cepting impedance spectrawith red axis, Sand-! are
theareaand the thickness of the sample, respectively).

Thetemperature dependence of bulk conductivi-
tiesisrepresentedin Figure5. A linear variaionisob-
served inArrheniusplots, following therelation:

A Ea
o= T exp(—ﬁ)
WhereE _ istheactivation energy, k isthe Boltzmann
constant and A ispre-exponential factor.

Activation energy hasbeen cd culated fromthelin-
ear fitting of the conductivity data.

TABLE 2 givesactivation energy of dectrica bulk
conductivity for different compositions.
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Figure 5 : Arrhenius plot Ln (6¢T) = f (1000/T) of ionic
conductivity of Ca,, La, (SO,),, (PO, O,oxyapatites

The pure silicate oxyapatite isfound to be better
conductor thanthe other materials.

Anincreaseof theactivation energy vaueisobsarved
with Caand PO, substitutions. Thevariaion of theacti-
vation energy canbeexplained by themobility of the O*
ionsinthelargetunnesformed by Me(ll) cationsand
thevariation of thed ectrostaticinteractionsbetween O*
ionsand X of XO, tetrahedrons(X=R, S).

TABLE 2:Activationenergy of Ca,, La, (SO,),, (PO,) O,
oxyapatites

Activation energy
Ea(eV)
0.392
0.528
0.854
0.771
0.91
0.794

X [P content]

OO WNEFO

Theconductivity inthesemateria sfollowstherd a-
tionship:
c=npq
Whereo, n, pand q design theconductivity, thecharge
density, themobility and the chargeval ue, respectively.
Inthisexpresson, themobility isthe dominant fac-
tor intheconductivity of these gpatites. The gpatitetun-
nelsformed by SO,* ionsarewider thanthat by PO,*
ions; thisfact providesabetter mobility of O% ionsdong
theframework. On theother hand, thefree O* ionsare
weskly attracted by |esselectronegative S* than by P+

CONCLUSION

This paper presentsastudy of synthesis, charac-
terization andionic conductivity of Ca,, Lg, (SO,),,
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(PO,),0, oxyapatites. X-ray diffraction study shows
that these materid scrystdlizein the hexagona system
with P6,/m as space group. Infrared and Raman spec-
traarereported and band assignmentsare made.

Thetemperature dependence of thedectrica con-
ductivity followsanArrheniustypelaw with tempera-
ture.

It was highlighted an increase of theionic conduc-
tivity with adecrease of in the activation energy, asthe
phosphate content decreases. Thisincreaseisrelated
tothevariation of volumeof thecell and displacement
of O ionsinlargetunnel sof apatites.
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