December 2009

Trade Science Ine.

Physical CH

Volume 4 | ssue 2

CMISTRY
A Judian Joaraal

— Pyl Paper

PCAIJ, 4(2), 2009 [65-70]

AC €lectrical properties study and equivalent circuit of a
monovalent mixed pyrophosphate

M .Megdiche*, H.Mahmoud, B.Louati, F.Hlel, K.Guidara
LaboratoiredeL’Etat Solide, Faculté des Sciences de Sfax-3031, Sfax, (TUNISIA)
E-mail : m_megdiche@yahoo.fr
Received: 17" December, 2009 ; Accepted: 27" December, 2009

ABSTRACT

NaAgPbP,0O, was prepared with asolid state reaction. The electrical prop-
ertieswereinvestigated by using impedance measurementsin the frequency
range from 200Hz to 5SMHz with the TEGAM 3550 AL F automatic bridge
monitored by a microcomputer between 581K and 703K. The Z’ and Z"
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versus frequency plots are well fitted to an equivalent circuit model. The
conductivity data obey the universal power law. The conductivity in the
material isdue to the hopping of monovalent ions parallel to (001) plane.
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INTRODUCTION

Intherecent yearsinterest for preparation, theo-
reticd and experimenta research of phosphatehasbeen
increased. The metal phosphates are of considerable
industrid interest, which might find gpplicationssuch as
prospective materia sintechnol ogy, € ectronic devices
and as solid electrolyteswith high thermal resistance
and aspotential devicesin space application, sensors,
solid-statelaser materidss, piezoelectrics, ceramics, ca
talysis, adsorption, ionic conductorsand magnetic ma-
terial 97, Crystals of double phosphateswith general
formulaA_BP,0O, containingsimultaneoudy anakaine
ion (A*) and adivdent cation (B*), formalargefamily
of materialg®9. Inour laboratory we areinterested to
the partially substituted compoundswith chemical for-
mulaNa, M PbP,O, (M =Ag, Li, Na, K) inorder to
discusstheeffect of thesubstitutionmonovaent onionic
conduction. Thestructuresand ionic conductivity of the

Ag,PbP,0O, and Na,PbP,0O, arecomment inthelitera-
ture!’®™, The previous results show Ag,PbP,0O,,
isotypeof Na,PoP,O., isof triclinic symmetry withthe
spacegroup P(1) (Z=2), the unit cell parametersare;
a=5.502A, b=7.008 A, c=10.018 A, 0=106.63°,
=93.89°,y=110.68°. The better electrical properties
obtained for Ag,PoP,0O, can beattributed to the higher
polarizability of Ag*ions, more easily deformed (d™°
configuration) to passthrough the bottlenecksand con-
sequently moremobilethan theNa' ions(rare gastype
configuration)®¥, Inthiswork, weproposeto investi-
gate, structural and el ectrical propertiesof themixed
compound correspondingtox = 1, NaAgPbP,O..

EXPERIMENTAL METHODS
Synthesis of double phosphate powder of

NaAgPbP,0, was carried out by conventional solid-
state reaction techniques. Stoichiometric quantities of
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Na,CO,, AgNO, and NH,H.PO, were well ground,
mixed, and progressively heated first to 473K to expel
NH,, H,O and CO,, then the powders were pressed
into pellets of 8mm diameter and sintered at 873K in
ar for 4 hourswith intermediateregrinding and repel -
ling.

Beforee ectrica measurementsthe sampleswere
heated at 473K. Thistreatment iscarried to diminate,
as much as possible, the water content in the pellet
pores. The ac impedance datawere measured in the
frequency rangefrom 200Hz to SMHz withthe TEGAM
3550 ALF automatic bridge monitored by amicrocom-
puter between 581K and 703K.

X-ray powder diffraction pattern was recorded
usngaPhilipsPW 1710 diffractometer operatingwith
Coradiation A=1.7903A. Unit cells parameters of the
synthesis compound have been refined by the least
square method from the powder data.

RESULTSAND DISCUSSIONS

Powder X-ray analysis

X-ray powder diffractogram (figurel) reveal sthat
the synthesized compound crystallizesintriclinic sys-

tem with thespace group P(| ) and therefined unit cell
parameters are: a=5.512(3)A, b=6.929(4)A,
c=9.576(5)A, 0=105.96(1)°, f=96.29(1)° and y=
108.80(1)° (V=324.89A3). The mixed compound is
isotypeto Na,PoP,0, andAg,PbP,0O,. However, these
structures consist of atridimensional framework of
[Pb,P,O,]* entitiesformed by the association of cor-
ner-shared PbO, and P,0O, groups; these[Pb,P,O, |*
entitiesformribbonsparale tothe/010] direction; the
ribbons areinterconnected by common corners|Pb-
O-P bridges] in the[ 100] direction and form lamina
parallel to (001) plan. In both phase the monoval ent
cation (Na'/Ag") occupiestwo types of site, S1 and
S2. Thefirstislocalized betweenthe[Pb,P,O, ] en-
titiesat z=1/4, the second islocated between two al -
ternating laminaat z=0, figure 2. Thepartia Na" substi-
tution by Ag* cation isaccompanied by aslightly in-
crease of thevolumewhich isdueto the monovalent
cation radii, r(Na‘)=1.16A and r(Ag*)=1.29A12,
Moreover, the substitution isassociated by aslightly
modification of all cell parameterswhichindicatesthe
non sdectivity of cationsinboth sites.
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Figure2: Projection view of M _PbP,0,(M=Na, Ag) along
[010] direction. Theunit cell isoutlined.

Impedanceanalysis

Theimpedancediagramsfor NaAgPbP,0, sample
are taken in the temperature range 581-703K. The
equivaent circuit allowsthe establishment of correla
tions between el ectrochemical parametersand charac-
teristicimpedancee ements.

Inthetemperaturerange 581-609K theequival ent
circuit consstsof aresistance R (bulk resistance) and
CPE, (capacity of thefracta interface CPE) element.
The CPE, el ement accountsfor the observed depres-
sion of semicirclesand alsothenon-ideal € ectrode ge-
ometry. Theimpedanceof CPEis. Z . = 1/Q(jw)*. o
isrelated tothedeviationfromthevertica of thelinein
the-Z" versusZ' plot. o = 1indicatesaperfect capaci-
tance, and lower o valuesdirectly reflect theroughness
of theelectrode used.

For the highest temperature (T>609K), the above
circuit isinadequate; themeasured va uesdisagreewith
thesmulated one. We observealittletall after thesemi-
circles in the impedance spectra (fig3b inset). The
sraight lineafter thesemicircle can beexplained with
CPE, corresponding to the doublelayer capacity of an
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in-homogeneous € ectrode surface.

Thered andtheimaginary componentsof thewhole
impedance of thiscircuit werecal culated according to
thefollowing expressions.

B RSlealcos(aln/2)+Rp +COS(0L2n/2)
(1+R,Q 0%cos(0yn/2))*+ Q0™

@
(R, Q, 0*sin(o, a/ 2))
- RSQl")alSin(alﬂlz) +Sil’l(0L2Tc/2)
(1+R,Q o%cos(aym/2))*+ Q0™ 2

(R, Q, 0*sin(o, n/ 2))

Infigure 3 arerepresented Z' and -Z" versusfre-
guency at 703K respectively, together with fitsto the
equivalent circuit of NaAgPbP,O.. Thegood confor-
mity of cal culated lineswith experimental dataindicates
that thesuggested equivaent circuit describesthecrys-
tal-electrolyteinterface reasonably well.

TE+04
GE=04 + E+04
E+04

E+04
4E=+04 A
G 158<00 &
N B4 ,\I]
1.0E+0
E+04
=04 4 OE+D
JE- ) AT 020
1E-02  1E=03  1E-04  1E=05  1E=0§  1E=07  1E=0E
o(rads?)

Figure3: Variation of Z' and-Z" with frequency at 703K and
theequivalent cir cuit model of NaAgPbP,O,

Figure 4 (a) and (b) show the experimental and
caculated valuesin(-Z"- Z') diagramusing theequiva
lent circuit. The depressed semicircleshavetheir cen-
terson alinebelow thereal axis, whichindicatesde-
parturefromtheidea Debye behaviour*,

Theextract parametersfor thecircuit ementsare
summarizedintable . Itisobviousall the capacitance
values Q, areintherange of pF. Thisimpliesthat the
snglesemicircleisfromgraininteriors.

Thedectricd oondudivitycp: e/RpSpI otted againgt
temperaturein anArrheniusplot isshowninFigure5.
Following theArrheniuslaw, the obtained activation
energy isabout 0.95(5)eV. Thevauesof o varyinthe
range 0.80-1 that confirmed the weak interaction be-
tweenlocdized Sites.
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Figure4: Experimental and calculated using theequivalent
circuit (-) semi-circleplotsof 2" vsZ' at different tempera-

ture: (a) low temper aturerange, (b) high temperaturerange
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TABLE 1: Theextract parametersfor thecir cuit elements

T(K) Rp(kQ) o1  Qi(10*)  a,  Qp(10°)
703 58 0.924 0.295 0.279 30
692 66 0,925 0.288 0.221 50
683 75 0,930 0.265 0.185 45
676 89 0,934 0.254 0.170 40
660 126 0,895 0.419 0.294 13
651 164 0,873 0.569 0.296 10
634 257 0.861 0.635 0.287 49
622 454 0.808 0.012
609 539 0.809 0.012
599 694 0.811 0.011
581 1094 0.782 0.013

& w Ec=0.93(5)eV
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Figure5: Temper atur e dependenceof In(cpT).
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Conductivity analysis

Theconductivity of thesamplehasdispersionat al fre-
guencies. Itisgeneraly analyzed usingthe power a4
o (0)=0c, +Ae*® 0<s<1 (3

Where o isthedirect current conductivity, A isaconstant for
aparticular temperature and sisthe power exponent, it repre-
sents the degree of interaction between mobile ions and the

environments surrounding them. The power law has been ap-
plied to many materials such glasses, phosphate and amor-

phous semiconductord 29,

Thefrequency dependence of the AC conductivity
at varioustemperaturesisdetermined by complex im-
pedanceandysis.

Theabove equation (3) hasbeenusedtofittheAC
conductivity data. Inthefitting procedure, A and sval-
ueshavebeen varied smultaneoudy to get the best fits
(Fig.6). A plot of -InA against sindicatesalinear tem-
peratureindependent and Structure-insengitive correla

tion between the val ues of thesetwo parameters (Fig.
7). Thevauesof exponent slieintherange0.6-1.2,
the correl ation motion issub-diffusveandindicatesa
preferenceon thepart of ionsthat hashopped avay to
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Figure 6 : Frequency dependence of AC conductivity at
varioustemperatures
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Figure 7 : Variation for universal exponentssand A asa
functiontemperature.

returntowhereit started’?!. Jonscher® has shown that
anon-zero sinthedispersiveregion of conductivity is
dueto theenergy stored in the short range collective
motion of ions. A higher simpliesthat largeenergy is
stored insuch collective motions. Inthiswork, expo-
nent sincreaseswithincreasing temperature.

DC conductivity dataare plotted inArrheniusfor-
mat as In(c, T) vs 1000/T (figure 8), and show
Arrhenius-typebehavior described by:

To, . =Bexp(-E/KT) (4)

WhereB (B=c,=4.01 10°Q'cm*K) isthe pre-exponential fac-
tor and E (E_=0.96(5)eV) isthe activation energy for conduc-
tion. The transport mechanism is explained by the thermally
activated hopping process between two sites separated by an

energy barrier.
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Figure8: Plot of DC conductivity ¢, vs1000/T

The power law can be described by the Almond-
West expression'®:;
Oa = cdcl:l"' (i)sjl ©)

@y

Where o, isthe hopping frequency of the charge carrier which
represents the crossover frequency from dc to dispersive con-
ductivity region at ®>w,. The dc conductivity o, represents
the random process in which the ion diffuse throughout the
network by performing repeated hops between charge com-

pensating sites??. The calculate of the hopping frequency is
given by:
1

oy = (%)g ©)

Thevariation of In(w,) with temperatureisshown
infigure8, it followsArrheniusrelaionwiththeactiva:
tionenergy Ea=1.07(5)eV. E, and E_areclose, the con-
ductionisdueto the hopping mechanism.
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Figure9showsthevariationin(c,_/c ) vsin(w/m,)
at different temperatures. The conductivity spectra
mergeonasingle curve, indicating that therelaxation
dynamicsof chargecarriersin the present ceramic and
B (obtained by using Kohlrausch-Williams—Watt
(KWW) relaxation function) parameters of that
stretched exponential function (p(t) = exp(-t/ t)?,0<
B < 11%528) greindependent of temperature.
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Figure9: Plot of log (6, /o, ) vs.log (w/®,).

Electrical datarelativeto Na,PbP,0., Ag,PbP,0O,
and NaAgPbP,O, materidsarelistedin Table 2.

Compared with the parental compounds,
NaAgPbP,0. is characterised by a smaller pre-
exponentid factor o, (Table2).

TABLE 2 : Activation energy of ceramic Na,PbP,O.,
Ag,PbP,0, and NaAgPbP,O..

Ceramic Na,PbP,0,*!  Ag,PbP,0,! NaAgPbP,0O;
E.(Ev) 0.90 0.78 0.96(our study)
E.(eV) - 0.75 1.07(our study)

6o(Q'em*K) 1.910° 1.910° 0.4 10°(our study)

The pre-exponential factor o, can be expressed
ago:
o= (€8a,2v,/6K) N(T) exp(S” /K) (6)
Where a, isthe hopping distance, v, is anattempt frequency to
overcome the potential barrier, N(T) the charge carrier
concentrationand SH isthemigration entropy. InNaAgPbP,0,,
the monovalent cation Na' or Ag* occupies both S1 and S2
site(fig2), itimpliesanincrease of thedisorder inmateria. The
entropy S, is more important in the NaAgPbP,0, compound.
According to equation (6), we conclude that the number of
charge carriers in the mixed compound is smaller than in Na

and Ag phase.

The structure of Na,PbP,O., Ag,PbP,0O, and
NaAgPbP,0, areisotype. Thetransport propertiesin
these materialsare probably dueto displacements of
themonoval ent cation pseudo plane parallel to (001)
between-S1-S2-S2-S1- conduction path!°1.,

= Pyl Paper
CONCLUSION

Insummary, inthiswork, we have synthesised the
new monoval ent mixed pyrophosphate NaAgPbP,O..
Thecompound crystalisesintridinicsystem (P(1) space
group). It is isotype to Na,PbP,0O, and Ag,PbP,0,
compounds. We have investigated the electrical
propertiesof the mixed compound NaAgPbP,O.. The
conductivity of thesampleisandyzed at dl frequencies
and in temperature range 581-703K. The ac
conductivity isinterpreted using the power low: o(w) =
o, +Aw®. Thetransport mechanismisexplained by
thethermally activated hopping process between two
sites separated by an energy barrier. A comparative
study with previousresultsNa,PbP,O, andAg,PbP,0,
showsthat the conductivity inthesemateriasisdightly
higher thaninthemixed compound.
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