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ABSTRACT

In order to obtain information about the electrical properties of Po,Na,
Li (VO,),(0<x < 2) apatites crystallizing in the anionic-deficient apatite
structure, the compounds were synthesized and characterized by powder
X-ray diffraction and infrared (IR) absorption spectroscopy. Electrical prop-
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erties of the materials have been studied by the complex impedance spec-
troscopy. Correlations between electrical and structural properties are es-

tablished. © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Solid lithiumion conductorscontinuetoattract greet
interest, especialy for future application assolid elec-
trolytesfor al-solid lithium batteries™ and may solve
thesafety problemsof therechargeablelithiumion bat-
tery using non-aqueousliquid e ectrolytes?.

Recently, fast Li ion conductorswith perovskite-
like structure with high conductivity have been re-
ported®4. A wide variety of materialshave been syn-
thesizedinthe LISICON family®.

Apatiteshavethegenera formulaMe, (XO,) A,
with Medivalent cation such asCa, Sr, Ba, Pb; X: P,
As,V andA: variousanions, suchasOH-, F, Cl1&12,
Thisformulamay bewrittenasMe(ll) Me(l) ,(XO,) A,
whereMe(1) and Me(I1) metal ionsoccupy large sites
(4f) and (6h) with nine and seven coordination, respec-
tively. X isafour-coordinated tetrahedrd site, andAis

ananionsite. TheA sitesliein the center of channels
which areparallel to thec-axis. These channelsalso
contantheMe(11) Sites, whichformequilaterd triangles
that alternatein orientation and are stacked in the c-
direction.

Although many chemicd familiesincluding phos-
phates, slicatesand vanadatesareknownto crystallize
with an gpatite structure, thetype mode isthe natural
mineral “‘apatite”, which is basically a calcium
fluorophosphates crystalizingin the hexagona system
(space group P6,/m)i*. Theexistence of enoughlarge
tunnelsin the gpatitic structureinducesimportant mo-
bility of ions. Because of themohility of ions, the apa-
titescouldfindinteresting gpplicationsinthedomain of
catalysis, the detection of gas sensors, lasers, fluores-
cent lampsand cationsremoving*+8.,

Asinmany compounds, leed playsapeculiar rolein
the apatites. Indeed, it isof interest from two points of
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view. First, lead isknown asa“‘bone seeker” in that it
accumul atesin bonesand teeth, second, it may contrib-
uteto deviation fromthegenera formulaof apétites.

Severd studieshave been published onthe ortho-
phosphates and orthovanadates of alkalineand lead
crystallizing without second anionA-, especialy the
Pb,M_(XO,), apatiteswith M = Na**27, K19102022.20,
Agl22232627),

Structural studies on apatiteswith lack of A an-
ion, like Pb,M,(XO,), (X = P2l Vo2 M:
monovalent cation) have shown that, theM akaline
ionsaremainly localized in the column positions (4f)
sites, whilethetriangular (6h) sitesaretotally occu-
pied by the lead cations. It was noted that the Pb**
ionsinthe 6h positions contributeto the stabilization
of the apatite structurewhen adeficit of A- anion oc-
curs. The presence of the 6s* electronic lone pairs
(LPS) of Pb?* ionsin the channels brings the local
charge balancein the anionic vacancies.

Because of the mobility of Meand A ionsin the
gpatitesMe, (XO,) A, invedigationson el ectrica mea-
surementswere performed. Several authorshave es-
tablished acorrdation between structura propertiesand
ionic conductivity?>3, |nthe case of apatiteswithout
anionA, investigationsontheeectrica propertieshave
been carried out by several authorg®2%,

The present study reportsthe synthesis, the char-
acterization and the ionic conductivity of Pb,Na,
Li (VO,),(0<x<2) gpatites.

EXPERIMENTAL

Synthesis

ThePoNa, Li (VO,), apatiteshave been prepared
by solid state reaction us ng stoechiometric amounts of
PbCO,, Na,CO,, Li,CO, and VO, according to the
followingreaction:
8PbCO, +(2-x)/2Na,CO, +x/2Li,CO,+3V,0,—»
Pb,Na, Li (VO,),+9CO,
Themixtureswere heated upto 673 K for oneday and
to 1023 K for ten days.

The progressof the reaction wascontrolled by X-
ray diffraction.

Characterization
Thepurity of thefina productswas checked by X-

ray diffraction methodeusingaBRUKER D8-advance
diffractometer with Cu Ko radiation (A = 1.5406 A).
Thelattice parameterswere determined using the pro-
gram FULLPROF®",

Theinfrared spectrawererecorded on pellet using
1 mg of apatite powder in 300 mg of spectroscopic
gradeKBr, withaBRUKER spectrometer intherange
of 4000-400 cm™.

Theeectrica conductivity wasstudied using im-
pedance spectroscopy and the measurementswere per-
formed on an Hewlett-Packard 4192 A impedance
analyzer, thesigna frequency rangeisfrom5Hzto 13
MHz. Thesamplewaspressed asapellet and sintered
at 873 K. Electrical measurementswere donein the
540-873 K temperaturerange.

RESULTSAND DISCUSSION

X-ray powder diffraction

According to the X-ray diffraction patterns, the
Pb,Na, Li (VO,), apdtitescrystalizeinthe hexagona
system with the space group P6,/m (no. 176). All the
compositionshavegood crystallinity. TABLE 1 gives
thelattice parametersof these apatites.

TABLE 1: Unit cell parametersof Po,Na, Li (VO,), apatites.

x [Li content] a(A) c(A) V (A3
o 10.059 7.330 642.31

0.5 10.0471(4)  7.3210(9)  640.0(7)

1 10.039(1)  7.310(4)  638.1(1)

15 10.0251(8)  7.2979(1)  635.2(1)

2 10.0148(1)  7.2791(7)  632.24(8)

Thevariation of theunit cell parametersa, candV
asafunction of thelithium content x isreportedin Fig-
ure 1, where progressive substitution of the sodium by
lithium induced adecrease of these parameters. This
decreaseisdueto the substitution of sodium (r(Na") =
1.02 A) by smaller lithium (r(Li*) = 0.76 A)i*. More-
over, thelinear variation of the parameters showsthat
theNa-Li substitution followsthe Vegard law and indi-
catesclearly that thereisacomplete sol ubility and so
that these compoundsform asolid solution from pure
sodiumto purelithium apatites.

I nfrar ed absor ption spectr oscopy
Theinfrared spectraof Pb,Na, Li (VO,) apatites

Au Tudian Yourual



MSAIJ, 8(8) 2012 Riadh Ternane et al. 317

aresmilar (Figure2). Inall cases, thetwo IR linesob-
served at 760 and 838 cm?, correspond to symmetric
stretching v (VO,) and asymmetric stretchingv_(VO,)
vibration modes of theV O, groups, respectively.
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Figurel: Unit cell parameter svariationsversusLi content
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Figure2: Infrared spectraof Pb,Na, Li (VO,), apatites.
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No vibration characteristic of OH groupsis ob-
servedin 3570 cm! range. Thisconfirmsthat the syn-
thesized gpatitesdo not contain hydroxyl ions.

Thereareno significant progressiveshiftsof thevi-
bration modes of VO, groupswhen lithium content x
increases. Theoreticaly these shiftscould beexplained
either by the changein the molar massor by the fact
that Na* has alarger radius compared to that of Li*
resultingin awesk decrease of theunit cdll parameters.
Electrical properties

The measurementswere performed in the 540-873
K temperaturerange. Below 540 K, the conductivity
appearstoo low to be measured.

For Li content x =0.5-1, we assumetheresol ution
of bulk and grain boundary semicircles at low
temperatures (540 and 673 K). At middletemperatures
(673 and 773 K), only a partial grain boundary
contribution is observed and at high temperatures
(873K) only the el ectrode response appears.

For Li content x = 1.5, the complex impedance
diagramisgiveninFigure3, a temperature673K only
abulk boundary contributionisobserved, a middletem-
peratures (763 K), two semi-circles can be observed
inthe complex impedance diagrams, they are attrib-
uted to the grain boundary contribution at intermediate
frequency and to the bulk conductivity, respectively. At
hightemperatures (823 K) only thepartia grain bound-
ary contributionisobserved.
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Figure 3 : Typical complex impedance diagram of
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Thetemperature dependenceof the conductivity is
represented in Figure 4. A linear variationisobserved
inArrheniusplots, followingthereation: oT=o, exp(-
E/KT), where E_ is the activation energy, K the
Boltzmann’s constant, T thetemperatureand o, the pre-
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Figure 4 : Arrhenius plots Ln(e¢T) = £(1000/T) of ionic

conductivity for Pb,Na, Li (VO,) apatites.

Activation energy hasbeen cd culated fromthelin-
ear fitting of the conductivity data(TABLE 2).

For Li content x = 0.5-1, theevol ution of the con-
ductivity becomes non linear, this phenomenon can
not be attributed to the decomposition phenomenon.
It can be explained by the effect of the structurally
disordered mobileions ontheelectrical propertiesof
thesematerials.

Inthe623-873 K temperaturerange, the activation
energy is higher in the case of Li apatite than of Na
gpatite, this phenomenon can be connected to the great
power polarising of Lit. Similar resultswereobtained
in Ca:I.O—><N ax(POA)G—x(SOA)xFZ[30] and CalO—xL I X(POA)G—
X(SOA)XFZ[Sl] )

TABLE 2: Activation energy of Pb,Na, Li (VO,), apatites.

Activation X [Li content]
energy (eV) 0 0.5 1 15 2
E ] 0.41 0.44
a [540-623 K] [540-623 K]
E 0.59 2.01 2.44 1.03 0.69
% [623-729 K] [639-703 K] [633-688 K] [623-873 K] [623-873K]

Furthermore, the general cationic diffusion in
Pb,Na, Li (VO,), couldbesimilar tothat Ce?* dem-
onstrated by Den Hartogin fluorapatite, the conductiv-
ity isdominated by cationic mobility and presentsanisot-
ropy?®. But, dueto the high polarizing character Ca?*
comparedto Na* and Li*, the C&* diffusionisrather
limited and can be only observed at high temperature
(T>1473K). Themobility mechanism of these cations
has been explained by theformation of thermal ly acti-
vated defectssuch as Frenkd defectswith high activa-
tion energiesbecausethe gpatite materid saretoichio-
metric. Thisconductivity mechanism can beaso as-
signedtothetri-dimensional character of thediffusion
processg=0:3y,

InthePb K, Na (PO,), system, Laghzizil et al.[*?
showed that the disorder defect increasesthe conduc-
tivity and that only monova ent cationscontributeto the
conductivity phenomenonwhichisrelaedtothevaria
tion of thegpatitetunnelssize.

The conductivity variation of thematerialsversus
lithium content X isshownin Fgure5. Theconductivity
increaseswith the substitution of sodium by lithiumin
Pb,Na, Li (VO,), up to x = 0.5 which has the best
ionic conductivity. But, for larger lithium content the
conductivity decreasesand thefully substituted lithium

apatite P Li(VO,), hasasimilar conductivity to that
of the Pb,Na,(VO,), compound.
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Figure5: Conductivity isother msasafunction of Li content
(x) for Po,Na, Li (VO,), apatites.

So, thereduction of o and theincrease of Eawhen
substituting alarge amount of Naby Li (x>1) can be
explained by considering ageometrical difference of
gpatitetunndls, theionicradiusof Li* ismuch smaller
than of Na'. It was expected for the Li compound to
show arelatively highionic conductivity. Thismay be
asociated to achangein diffusonmechanism, whichis
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gtill to beexplained. The same conduction phenomenon
hasbeen observed with mixed anionicmohility insystem
Ca, Ln(PO)(OH), O, (Ln=La,Y)Hl.

CONCLUSION

This paper presentsastudy of synthesis, charac-
terization andionic conductivity of Pb,Na, Li (VO,),
gpatites. X-ray diffraction study showsthat these apa-
titescrystallizein the hexagona systemwith the space
group P6,/m. Infrared spectraof al the compositions
aresimilar. The conductivity study showsthat, at low
temperatures (540-673 K), the best conductivity and
thelowest activation energy are observed for thex =
0.5 composition.

At hightemperatures (623-873 K), the best con-
ductivity and thelowest activation energy areobserved
for the pure sodium apatite.
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